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2ABSTRACT OF THESIS
4-Phenyl pen t-3-en-2--one has been p repared  by the 
re a c t io n  o f  d im ethy l cadmium w ith  j3~methylcinnamoyl c h lo r id e , and 
i t s  s t ru c tu re  confirm ed by a haloform  d e g ra d a tio n  to  t r a n s - Q -  
m ethylcinnam ic a c id .
R eduction  o f th e  k e to n e  w ith  aluminium isop ropox ide  
gave ( i ) - 4 “Pbenylpen t-3 -en~2~ol, c h a ra c te r is e d  by the p re p a ra t io n  
o f  the  3 J -a -n a p h th y l and R -4 -d ip h en y ly l-ca rb am ates . On c a t a ly t i c  
h yd rogenation  ( - ) - 4 “-phenylpen t-3-en-2--o l gave a m ix tu re  o f th e  two 
d ia s te re o is o m e r ic  racem ates o f  (-)~ 4 ~ p h en y lp en tan -2 -o l in  which a 
new c e n tre  o f  asymmetry has been g en era ted  a t  C^. On vapour-phase 
chrom atography the  two racem ates s e p a ra te d § from th e  chromatogram 
the r a t i o  in  which they  a re  p re se n t has been de term ined , and hence 
th e  degree o f  asym m etric s y n th e s is  c a lc u la te d  and found to  bes
( i )  50$? ( i i )  57$• By o x id a tio n  the  o r ig in a l  c e n tre  o f asymmetry 
a t  has been removed to  y ie ld  (~ ) -4 “Pbenylpen tan~2-one•
The stereochem istry o f  the hydrogenation i s  d iscu ssed . 
(+ ) -a -P in e n e  has been hydrogenated over a Raney 
n ick e l c a ta ly s t  to  give almost e x c lu s iv e ly  (+ ) - c i s~pinane, and the  
stereochem istry o f  th is  hydrogenation i s  a lso  d iscu ssed .
The p o s s ib i l i t y  of p u r ify in g  ( + ) - a -p in e n e  by the  
tech n iq u e  o f p ro g re ss iv e  f re e z in g  has been exam ined.
3( - ) -  (3 -Raphthylm ethylcarbinol has been hydrogenated 
over a platinum oxide c a ta ly s t ,  and over a c tiv e  and s ta b il iz e d  Raney 
n ick el c a ta ly s ts .  In a l l  ca ses  a mixture of isom ers o f  1 ,2 ,3 ,4 -  
tetrabydro-2-ethylnaphthalene and 1 , 2 ,3 ,4 -tetrah yd ro-6-eth yln ap h thalen e  
was the exclu sive*  or predominating, product. In  the hydrogenation  
w ith a s ta b il iz e d  c a ta ly s t  a sm all quantity o f  a tetrahydro-p  -  
naphthylm ethylcarbinol was is o la te d , and the presence o f  two isom eric  
2 -e th y ld eca lin s  was a lso  d e tec ted .
The h y d rogenation  of |3 -n ap h th y lm eth y lca rb in y l a c e ta te ,  
and o f  the  m ethyl e th e r ,  produced i n  each case , e x c lu s iv e ly , a 
m ixture o f the two iso m eric  e t h y l t e t r a l i n s »
p-Cymene h as been a c e ty la te d  to  give a m ix ture  of two 
a c e ty l  cymenes i n  which 2 -acety l-p-cym ene p redom inates. Aluminium 
isopropox ide  re d u c tio n  gave a m ixture of two cymyl a lc o h o ls , the 
h ydrogenation  o f w hich, under v a r io u s  co n d itio n s?  gave i n  a l l  c a se s  
an isom eric  m ixture o f ethylcym enes, g e n e ra lly  as th e  m ajor p ro d u c t. 
With a s ta b i l i z e d  Raney n ic k e l c a ta ly s t  a  sm all q u a n tity  o f th e  
m enthyl a lco h o ls  was o b ta in ed , and vapour-phase chrom atography 
showed th a t  hyd rogenation  had produced a m ix ture  o f  fo u r  d i a s t e r i o -  
iso m eric  racem ates o f the  m enthyl a lc o h o ls , which were p re se n t i n  
unequal amounts, in d ic a t in g  th a t  an asym m etric hy d ro g en a tio n  had 
o c cu rred . The s te reo c h e m is try  of th e  hyd rogenation  i s  d isc u sse d .
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PREFACE
The work d e sc rib e d  i n - t h i s  T hesis has been d iv id ed  
in to  fo u r  p a r ts ,  each d e a lin g  w ith  the  hydrogenation  o f a 
d i f f e r e n t  compound. Each p a r t  i s  com plete i n  i t s e l f  and 
c o n ta in s  two sec tio n s^  i n  one s e c t io n  th e  ex p erim en ta l r e s u l t s  
a re  g iv en , and in  the o th e r  the  i n t e r p r e ta t io n  o f  th e s e  r e s u l t s  
i s  d is c u s se d . The whole i s  preceded by an in tro d u c to ry  review  
o f  c a ta ly t i c  hy d ro g en a tio n .
6C d M T S
T i t l e  o f  T h esis  1
A b strac t 2
Acknowle dgment  s 4
P reface  5
THE MECHANISM AND STEREOCHEMISTRY OP 
CATALYTIC HYDROGENATION
In tro d u c tio n  12
H is to r ic a l  Survey 12
S te r ic  I n te r a c t io n  between S u b s tra te  and C a ta ly s t 30
O ptical A c t iv ity  and C a ta ly tic  Hydrogenation 35
Conclusion 44
PURPOSE OP THE V/ORK 45
PART 1
DISCUSSI0N_0P RESULTS
R eaction  Scheme 49
4 -P h en y lpen t-3 -en -2 -one  49
The g eo m etrica l c o n f ig u ra tio n  o f 4 -pbeny lpen t-3 -en~ 2-one 53
4 -P h en y lp en t-3 -en -2 -o l 54
The c a t a ly t i c  hydrogenation  o f  4 -p b e n y lp e n t-3 -e n -2 -o l 56
The o x id a tio n  o f  4“ Pb© nylpentan-2-ol 58
The s te reo ch em ica l course  o f c a t a ly t i c  hydrogenation  o f
4 -pheny lp e n t-3 -e n -2 -o l 59
C onclusion 65
7P re p a ra tio n  o f  e th y l b rom oacetate  67
P re p a ra tio n  o f e th y l p-m ethylcinnam ate ■ 67
P re p a ra tio n  o f  j3-m ethylcinnamic a c id  69
P re p a ra tio n  o f  (3-methyl cinnamoyl c h lo r id e  70
P re p a ra tio n  o f  4 -p b en y lp en t-3 -en -2 -o n e  70
4-P heny lp en t-3 -en -2 -o n e  sem icarbazone 72
4-P heny lp en t-3 -en -2 -o n e  2 ?4~& initrophenylhydrazone 73
O xidation  o f  4~pbeny lpen t-3 -en-2 -one w ith
sodium h y p o c h lo rite  73
P re p a ra tio n  o f  4 -p b e n y lp e n t-3 -e n -2 -o l 73
l-M eth y l-3 -p h en y lb u t-2 -en y l N -a-naphthy lcarbam ate  'JS
1-Me th y  1 -3 -phenyl b u t-2 -e n y l N -4 -d iphenyly lcarbam ate  76
P re p a ra tio n  o f Raney N ickel W-3 c a ta ly s t  76
H ydrogenation o f 4 -pbeny lpen t--3 -en -2 -o l I  77
O xidation  o f 4 -p b en y lp en tan -2 -o l I  79
4-P h en y lp en tan -2 -one sem icarbazone 83
H ydrogenation o f 4 -p b e n y lp e n t-3 -e n -2 -o l I I  84
O xidation  o f 4 -p k en y lp en tan -2 -o l I I  85
PART 2
DISCUSSI0N_0P RESULTS
(+ )-a -P in en e  90
The c a t a ly t i c  hydrogenation  o f  (+ )-a -p in e n e  93
The p u r i f i c a t io n  o f (+ )-a -p in e n e  by p ro g re s s iv e  f r e e z in g  100
Conclusion - 103
8Greek (+ )-a -p in e n e  104
H ydrogenation o f (+ )-a -p in e n e  105
P u r i f ic a t io n  o f (+ )-a -p in e n e  by p ro g re ss iv e  f r e e z in g  109
PART 3
In tro d u c tio n  to  P a r ts  3 and 4 111
^SCUSSIOE^OP RESCJLTS
The a ttem p ted  hyd rogenation  o f p -n ap h th y lm e th y lcarb in o l 113
The a ttem p ted  hydrogenation  o f p -n aph thy lm ethy l-
c a rb in y l a c e ta te  116
The a ttem p ted  hydrogenation  o f  p -naph thy lm ethy l-
c a rb in y l m ethyl e th e r  117
F u rth e r  a ttem p ted  h y d rogenations o f  (3-naphthylm ethyl~
c a rb in o l 118
C onclusion 120
P re p a ra tio n  o f  (3 -naphthylm ethylcarb inol 121
H ydrogenation o f j3-naphthy lm ethy lcarb ino l
I ,  U sing a s ta b i l i z e d  Raney U ickel c a ta ly s t  122
I d e n t i f i c a t io n  o f  th e  lo w -b o ilin g  p ro d u c ts  o f hyd rogenation  123
1 . Exam ination o f th e  hydrocarbon p roduct 124
2. Exam ination o f th e  a lc o h o lic  p roduct 124
P re p a ra tio n  o f  (3 -naphthylm ethylcarb inyl a c e ta te  126
H ydrogenation o f (3 -naphthylm ethylcarb inyl a c e ta te  127
9P re p a ra tio n  o f p -n ap h th y lm eth y lcarb in y l m ethyl e th e r  128
H ydrogenation o f (3 -naphthylm ethylcarb inyl m ethyl e th e r  130
H ydrogenation o f  p -n ap h th y lm eth y lcarb in o l
I I .  U sing an a c tiv e  Raney U ickel W-3 c a ta ly s t  132
I I I .  U sing Adam’s p la tinum  oxide c a ta ly s t  133
PART 4
DISCUSSI0I\r_0P RESULTS
In tro d u c tio n  137
The p re p a ra t io n  o f  2 -(p -cym yl)m ethy lcarb ino l 137
The hydrogenation  o f th e  cymyl a lco h o l 140
The s te reo ch em ica l course  o f c a t a ly t i c  hydrogenation  o f
2-(p -cy m y l)m e th y lca rb in o l and 6-(m -cym yl)m ethy lcarb ino l 142
F u rth e r  a ttem p ted  h y drogenations o f th e  cymyl a lco h o l 145
Conclusion 146
E M m A L
P re p a ra tio n  o f 2 -m ethy l-5 -isop ropy lace tophenone  147
P re p a ra tio n  o f 2- (p -cym yl)m ethy lcarb ino l 148
a-(2 -p -C y m y l)e th y l H-4-d ip h e n y ly lcarbam ate 151
P re p a ra tio n  o f  2 -(p -cy m y l)m eth y lcarb in y l hydrogen p h th a la te  151
P re p a ra tio n  o f  2 -(p -cy m yl)m ethy lcarb iny l a c e ta te  152
H ydrogenation o f  2 -(p -cym yl)m ethy lcarb ino l
I .  U sing a  s ta b i l i z e d  Raney U ickel c a ta ly s t  153
a - ( 2~ p -lle n th y l)e th y l H-4-d ip h en y ly lca rb am ate  156
10
H ydrogenation o f th e  cymyl a lco h o l
I I .  U sing a Raney H ickel ¥ -3  c a ta ly s t  o f low a c t i v i t y  156
I I I .  U sing an a c tiv e  Raney U ickel W-3 c a ta ly s t  158
Vapour-phase chrom atography 
Experim ental c o n d itio n s 163
GENERAL INTEODUCTI ON
Tlie Mechanism and Stereochemistry of 
Catalytic Hydrogenation
12
INTRODUCTION
The use o f a  s o l id  c a ta ly s t  i s  e s s e n t ia l  i n  many 
modern in d u s t r i a l  syn theses*  W ithout the  use o f such c a ta ly s t s  
many p ro cesses  would re q u ire  such extrem es o f  p re s su re , o r tem p era tu re , 
th a t  they  would no lo n g er he econom ically  f e a s ib le .  For t h i s  reaso n  
the  s tudy  o f he terogeneous re a c t io n s  has a t t r a c t e d  much a tte n tio n *  
N ev erth e le ss  knowledge o f the  mechanisms in v o lv ed  i s  s t i l l  f a r  from 
com plete. This i s  n o t s u rp r is in g  when i t  i s  .remembered th a t  i n  a 
heterogeneous system  a l l  the  problems a s s o c ia te d  w ith  a homogeneous 
re a c t io n  a re  p re se n t p lu s  the  added problem s due to  the  in tr o d u c t io n  
of a s u r f a c e .
There i s  however one he terogeneous system , namely 
c a ta ly t i c  h yd rogenation  and th e  c lo se ly  a l l i e d  exchange re a c t io n , fo r  
which a mechanism accoun ting  fo r  most observed  ex p erim en ta l f a c t s  can 
be p o s tu la te d . A survey o f  the work c a r r ie d  ou t i n  t h i s  f i e l d  
fo llo w s .
HISTORICAL SURVEY
P resen t-d ay  knowledge o f th e  mechanism of c a ta ly t i c  
hyd rogenation  d a te s  m ainly from the work o f  F ark as , F a ik a s , and R ideal 
(P ro c . Roy. S o c ., 1934? A? 146? 630). P r io r  to  t h i s  d a te  i t  was 
g e n e ra lly  assumed th a t  c a ta ly t i c  hydrogenation  o f  o le f in ic  lin k a g e s  
sim ply in v o lv ed  th e  a d d it io n  o f  a m olecule o f hydrogen a c ro ss  the 
double bonds t h i s  p o s tu la te  be ing  based on the  o b se rv a tio n  th a t  in  
such hyd ro g en a tio n s  predom inantly  c i s  p ro d u c ts  were o b ta in e d .
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Farkas? Farkas? and R ideal ( lo c .  c i t . )  suggested? 
however? th a t  i n  view o f  th e  f a c t  th a t  chem i-adsorbed hydrogen on
c a t a ly t i c a l l y  a c tiv e  m e ta l l ic  s u rfa c e s  i s  i n  the  atom ic form? i t
would seem p o s s ib le  t h a t  the r e a c t io n  was co n s id e ra b ly  more complex 
th an  th e  sim ple one p o s tu la te d . This they  a ttem p ted  to  show by 
in v e s t ig a t in g  the  h y d rogenation  o f  e th y len e  w ith  the  then  r e c e n t ly  
d isco v e red  heavy hydrogen iso to p e  d eu terium . They observed th a t  
two re a c tio n s  took places; th e  expected  a d d i t io n  re a c t io n  which cou ld  
be re p re se n te d  as
0 H + D _ v CJI„D02 4 2 ^  2 4 2
as w e ll as a h i th e r to  unobserved exchange re a c t io n
°2E4 + B 2 ^  ¥ ?  + “
H o r iu t i ,  Ogden? and P o lany i (T ran s. Faraday S o c ., 
1934? 30^ 663 .)?  s tim u la te d  by th e  d isc o v e iy  of an exchange re a c t io n  
w ith  e thy lene?  c a r r ie d  out s im ila r  woik w ith  benzene and observed 
th a t  t h i s  a lso  underwent an exchange r e a c t io n .  H o riu ti?  and P o la ry i 
(ib id ?  I I 65 )? u s in g  e th y len e  a s  t h e i r  model? suggested  a p o ss ib le  
mechanism f o r  hyd rogenation  and exchange. They p o s tu la te d  t h a t  
i n i t i a l l y  e th y len e  was chem i-adsorbed by opening o f  th e  double bond 
and re a c t io n  o f the  two carbon atoms o f th e  double bond w ith  two 
s u i ta b ly  p o s itio n e d  Hi atoms i n  the  c a t a ly s t .
The exchange re a c t io n  th en  took p lace  as fo llo w s  -
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H ydrogenation could a lso  "be r e a d i ly  ex p la in ed  hy 
th i s  mechanism as a s id e  s te p  in  th e  above rep lacem ent reac tio n ^  
the  hydrogenated  p roduct be ing  o b ta in ed  by th e  a t ta c k  o f  a second 
deuterium  atom on th e  h a l f  hydrogenated  s t a t e .
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I t  i s  im p o rtan t to  note th a t  an e s s e n t i a l  fe a tu re  
o f t h i s  mechanism i s  t h a t  h y d ro genation  r e s u l t s  from th e  independent 
approach o f two hydrogen atom s. Hie H o r iu ti  and P o lany i mechanism, 
known as the  a s s o c ia t iv e  mechanism* owing to  th e  f a c t  th a t  e th y len e  
undergoes a s s o c ia t iv e  ch em i-ad so rp tio n , d id  not however meet w ith  
u n iv e rs a l  ap p ro v a l.
F a rk as , Farkas, and Hi d e a l @?roc. Roy. S o c .? 1934? 
"^9 146s 630) i n  t h e i r  i n i t i a l  paper on the  hyd ro g en a tio n  and 
exchange re a c tio n s  o f deuterium  w ith  e th y len e  had v e ry  te n ta t iv e ly  
suggested  th a t  exchange m ight take  p lace  v ia  an adsorbed v in y l . 
r a d ic a l  '
f
II Jf- ■H
/
j/iTilfhTillfmuiJ
and th a t  h y d rogenation  appeared  to  in v o lv e  sim ultaneous a d d it io n  
o f two hydrogen atoms from th e  same hydrogen m olecu le .
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F arkas and F arkas in  a s e r i e s  o f p a p e rs ,
T ran s. Faraday S o c ., 1937? 33? 678. ( l
ib id  1937? 33, 827. (2
i b id  1937? 33j  837- (3'
J .  Amer. Chern. S o c ., 1938, _60j 22. (4 ,
f u r th e r  examined th e  problem and proceeded to  e la b o ra te  and confirm
t h e i r  p re v io u s ly  exp ressed  views on exchange and h y d ro g en a tio n .
I n  t h e i r  o p in io n  th e se  two r e a c tio n s  were independent o f one an o th e r
and took p lace  by d i f f e r e n t  mechanisms. The exchange r e a c t io n
ta k in g  p lace  v ia  d is s o c ia t iv e  ch em i-ad so rp tio n  o f e th y le n e ^ i^ 9 ^ ^ 9
H
J
H' ^ c ^ C' vH h
C2HA -» »  /  + •4 '  - r .-r S x -*  r. - . rr- . -
/ / / m u  m u  ill m m
D
I
*  iriWm
w hile  h y d rogenation  in v o lv ed  th e  s im ultaneous a d d it io n  o f two 
hydrogen, atoms o f one c a t a l y t i c a l l y  a c t iv a te d  hydrogen m olecule to  
an e th y len e  m olecule i n  the  ,Ta d so rp tio n  la y e r ” . This p o s tu la te  was 
based on th e  o b se rv a tio n  th a t  w hile  para-hydrogen , i n  the  absence o f 
ethy lene,, would undergo ra p id  co n v ersio n  on a P i o r  F i c a t a ly s t ,  t h i s  
same co n v ersio n  wras  s tro n g ly  in h ib i te d  in  th e  presence o f  e th y le n e  
a lth o u g h  h y d ro g en a tio n  was p ro ceed in g . S ince para-hydrogen  co n v ersion  
ta k e s  p lace  by d is s o c ia t io n  o f th e  m olecu le, fo llow ed by recom bination
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o f  th e  atoms so formed, and s in ce  t h i s  d id  not o ccu r i n  the 
hyd rogenation  o f e th y le n e , i t  would appear th a t  the  two hydrogen 
atoms of one m olecule a re  tak en  up hy e thy lene*  on the  su rfa c e  of 
th e  c a ta ly s t ,  b e fo re  they  have any chance to  ev ap o ra te  and r e ­
combine w ith  each o th e r  o r  o th e r  atoms*. The s im p le s t e x p la n a tio n  
f o r  such b eh av io u r i s  th a t  b o th  atoms o f  the  same m olecule a re
taken  up s im u ltan eo u sly  by the  e th y le n e .
I t  i s  i n t e r e s t i n g  to  note th a t  Vavon (B u ll. Boc. 
cliim. F rance , 192?, 4? 41,? 1253) i n  one o f th e  e a r l i e s t  suggested  
mechanisms f o r  h yd rogenation  had exp ressed  s im ila r  view s to  th o se  
o f  F arkas and F a rk as . lie noted  th a t  in  the hy d ro g en a tio n  o f
con jugated  double bonds by n ascen t hydrogen, hydrogen r e a d i ly  added
1$4« In  c a ta ly t i c  hyd rogenation , however, each double bond 
in v a r ia b ly  hydrogenated  s e p a ra te ly .  He ex p la in ed  t h i s  by say ing  
th a t  hydrogen in  the n ascen t s t a t e  c o n s is ts  o f atom s, which can 
a t ta c k  co n jugated  double bonds in d ep en d en tly , whereas c a t a l y t i c a l l y  
a c t iv a te d  hydrogen c o n s is ts  o f  deformed m o lecu les , which add as 
such to  double bonds. The same view o f  c a t a ly t i c  hyd ro g en a tio n  
was a ls o  ex p ressed  by Bourguel ( ib id ,  1932, 4? 5 i? 253)*
A ccording to  th e se  mechanisms hy d ro g en a tio n  should 
r e s u l t  i n  c i s - a d d i t io n  o f  hydrogen. Thus h y d ro g en a tio n  o f  c i s -  
an<^  t r a n s - e th y len e  d e r iv a t iv e s  should  le a d  to ,  re s p e c t iv e ly ,  
rneso and racem ic p ro d u c ts  re g a rd le s s  o f w hether o r  no t th e se  
p ro d u c ts  a re  th e  therm odynam ically  most s ta b l e .
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Thus in  g e n e ra l  s -
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Bourguel ( lo c .  c i t . )  p o in te d  ou t th a t  ap p aren t * 
t r a n s - a d d it io n  of hydrogen was probably  due to  is o m e r is a tio n  ta k in g  
p lace  on th e  c a ta ly s t  subsequent to  hyd ro g en a tio n , and no t to  i n i t i a l  
t r a n s - a d d i t io n  o f hydrogen.
F a ik as  and F arkas (3 )  i n  a survey o f the l i t e r a t u r e  
showed th a t  th e  bu lk  o f ex p erim en ta l ev idence would su p p o rt t h e i r  
mechanism o f  hyd ro g en a tio n , and th a t  the  few ap p aren t ex ce p tio n s  
could be accounted  f o r  by iso m e r is a tio n s  o f th e  type  suggested  by 
B ourguel. Support f o r  t h e i r  mechanism was d e riv e d  la rg e ly  from th e  
work o f O tt, Behr and S c h ro te r  (B e r .,  1928, 61.j 2124) who showed th a t  ;
10
OH -C-CO O *"
3 If _
C E L -C -C O O  
Ea s a l t  dim ethyl m aleic acid
Pd or Ei Meso-product
C E L -C -C O C T
.  3 lf
O O C -C -C E -j
j
Ea s a l t  dim ethyl fumario acid
Pd o r  E i
CH-.-C-CrH-
3 It 5
CH^-C-C^H- 
3 6 5
c i s - dim ethyl s t i lh e n e
C6H5- ° - CH3
trans-dim ethyl s t ilh e n e
Pd o r Ei
Pd o r  E i
■»
*
Racemic product
Meso-product
Racemic product
von W esseley and Welleha (Ber.., 1941? Z4> TTT) 
confirmed the work carried  out on the two d im eth y l-stilh en es  and 
reported two fu rth er  rea c tio n s  again in  accordance w ith  c i s - ad d ition  
o f  hydrogen.
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t r a n s -d ie  tk y l - s t i lb o e  s t r o l
■01;
MeO
Pd
Racemic p roduct
Racemic p roduct
However, G reenhalgh and Po lany i (T ran s. Faraday 
S o c ., 1939? 3£s 520) were quick  to  p o in t o u t th a t  th e  c i s - a d d it io n  
observed by Farkas and F arkas was in  no way p ro o f of the 
s im u ltaneous a d d i t io n  o f two hydrogen atom s. They showed th a t  
th e  a s s o c ia t iv e  mechanism o f H o riu ti  and P o lan y i, which in v o lv e s  
co n secu tiv e  a d d i t io n  o f  two hydrogen atom s, w i l l  a lso  accoun t, 
e q u a lly  s a t i s f a c t o r i l y ,  f o r  c i s - a d d it io n .
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I t  can "be seen t h a t  th e  o p t ic a l  c o n f ig u ra tio n  o f  th e  h a l f  hydrogenated
s ta t e  i s  no t d e stro y ed  hy f r e e  r o ta t io n  about the  carbon-carbon  a x is
and i f  b reak in g  of the c a ta ly s t  bond and s u b s t i t u t io n  by hydrogen
1 2occurs  by the  same s te r j .c  mechanism f o r  b o th  H and H , which i s  the  
most reaso n ab le  assum ption  to  make, the  f i n a l  p roduct i s  the  
e x p e rim en ta lly  observed c is - a d d i t io n  p ro d u c t.
A f u r th e r  p o in t i n  fav o u r o f the  a s s o c ia t iv e  mechanism 
i s  th a t  i t  w i l l  r e a d i ly  e x p la in  c i s - t r a n s  isom erism  and double bond 
m ig ra tio n , which o f te n  occur s im u ltan eo u sly  w ith  h y d ro g en a tio n . For 
example, th e  c a t a ly t i c  h y d ro genation  o f e th y l  o le a te  to  e th y l s te a r a te  
i s  accompanied by s id e  re a c t io n s  le a d in g  to  th e  fo rm atio n  o f  isom ers 
o f e th y l  o le a te ,  namely th e  t r a n s  isom er e th y l  e la id a te ,  and s t r u c tu r a l  
isom ers i n  which double bond m ig ra tio n  h as o c cu rred . F urtherm ore , 
Moore ( j .  Soc. Chem. I n d . ,  1919? 38 ,^ 3217) h as e s ta b lis h e d  th a t  th e se  
is o m e r is a tio n s  on ly  take p lace  d u rin g  h y d ro g en a tio n , and they  m ust, 
th e re fo re ,  be c lo s e ly  a s s o c ia te d  w ith  t h i s  p ro c e ss . G reenhalgh and ...
H2
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P olany i showed th a t  th e se  is o m e r is a tio n s  could i n  f a c t  he p re d ic te d  
as lo g ic a l  s id e  r e a c t io n s  i n  h y d ro genation  v ia  the  a s s o c ia t iv e  
mechanism.
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The above iso m e r is a tio n s  cannot “be ex p la in ed  
s a t i s f a c t o r i l y  by the  d is s o c ia t iv e  mechanism o f F arkas and Farkas 
and i n  view  o f  t h i s  inadequacy i t  would appear d i f f i c u l t  to  m a in ta in  
i t ,  p a r t i c u la r ly  s in c e  th e se  iso m e r is a tio n s  a r i s e  as a n a tu ra l  
consequence o f  th e  a s s o c ia t iv e  mechanism.
Conn and Twigg (P ro c . Hoy. S oc ., 1939? .A, 1719 70) 
o b ta in ed  f u r th e r  evidence f o r  th e  a s s o c ia t iv e  mechanism by 
in v e s t ig a t in g  th e  exchange r e a c t io n  betw een e th y len e  and d e u te ro -  
e th y le n e . I f  th e  d is s o c ia t iv e  mechanism i s  c o r re c t  th e  exchange 
should  occur th rough  d is s o c ia t io n  fo llow ed  by recom bination , b u t i f  
th e  a s s o c ia t iv e  mechanism i s  c o r r e c t  no exchange should  occu r s in ce  
the  p resence  o f  hydrogen i s  v i t a l  f o r  the fo rm atio n  o f  the  h a l f ­
hydrogenated  s t a t e .  No exchange was found to  tak e  p lace  th u s  
confirm ing  the  a s s o c ia t iv e  mechanism.
The nex t mechanism to  be pu t forw ard f o r  c a ta ly t i c  
hyd ro g en a tio n  was proposed by R id ea l and Twigg (P ro c . Roy. S o c .,
1939, A, VJ2j  55) , who favoured  a m odified  form o f  th e  a s s o c ia t iv e  
mechanism. They observed  th a t  bo th  exchange and h y d rogenation  
were o f th e  same k in e t ic  o rd e r , b e in g  o f  f i r s t  o rd e r w ith  re s p e c t  
to  hydrogen p re s su re , and th a t  the e q u ilib riu m  ^H3)
was in h ib i te d  by e th y len e  in d ic a t in g  th a t  th e  c o n c e n tra tio n  o f 
chem isorbed atom ic hydrogen d u rin g  re a c t io n  was v e ry  sm a ll. This 
le d  them to  su g g est th a t  i n  bo th  r e a c t io n s  th e  i n i t i a l  r a t e  de te rm in in g  
s te p  in v o lv ed  re a c t io n  o f  a Van d e r  Waal*s adsorbed  hydrogen m olecule
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w ith an a s so c ia te v e ly  adsorbed ethylene m olecu le. This v/ould produce 
in  the case o f hydrogenation a non adsorbed ethane m olecule obtained  
by m olecular ad d ition  o f  a Van der Waal’s adsorbed hydrogen m olecule. 
This hypothesis o f  m olecular ad d ition  they considered to be supported 
by the evidence put forward by Farkas and Farkas (3 ) fo r  c is -a d d it io n .  
Twigg and R ideal (Trans. Faraday S o c ., 1940? 36? 533) added fu rth er  
weight to th e ir  argument by examining the packing of ethylene  
m olecules on a n ick e l su r fa ce . Their c a lc u la tio n s  showed that 
ethylene could pack so c lo s e ly  on a n ick e l surface th a t the surface  
could be com pletely covered by ethylene so th at no s i t e s  were l e f t  
open fo r  the e q u ilib r a tio n . This i s  in  agreement
w ith th e ir  experim ental f in d in g s .
The problem as to whether c a ta ly t ic  hydrogenation  
in v o lv es  the independent or sim ultaneous ad d ition  o f  two hydrogen 
atoms was f in a l ly  s e t t le d  by Twigg (D iscu ss . Faraday S o c ., 1950? §j 
152). He pointed out th at i f  ethylene i s  hydrogenated w ith an 
equimolar mixture o f hydrogen and deuterium the a d d ition  of s in g le  
atoms would produce ethane of com position s
i  ch3-c h 3 + J- ch3-c h 2d + i  ch2d -c h 2d
whereas sim ultaneous a d d itio n  o f a p a ir  o f  atoms from one m olecule 
would g iv e  a mixture o f  s
i  CH -G H3 +  CH2D -C H 2 D
Twigg found the former case to be tru e, showing 
unequivocally  th at a d d itio n  o f hydrogen to a double bond does not
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take  p lace  i n  a s in g le  a c t 3 b u t th a t  the hydrogen m olecule i s  f i r s t  
s p l i t  in to  atoms which th e n  add one a t  a tim e . He proceeded to  
suggest a mechanism fo r  h y d ro genation  which would account f o r  a l l  
the  fo llo w in g  s a l i e n t  f a c t s .
( i )  The o rd e r  o f r e a c t io n  i s  i d e n t i c a l  i n  exchange and hyd ro g en a tio n
( i i )  The energy  o f a c t iv a t io n  f o r  exchange i s  g r e a te r  th an  f o r  
h y d ro g en a tio n .
( i i i ) O rth o -p ara  conversion  and the r e a c t io n  H9IL 2HD are
in h ib i te d  by e th y le n e . ' ^ ^
( iv )  Hydrogen i s  d is s o c ia te d  in to  atoms b e fo re  h y d ro g en a tio n .
The scheme proposed was s~
.  ; CH0 -  CH„
C2tI4 I 2 I "
l / l i i  m i i i
ch2 ~ c h 2 + . f V  _ l v  ch 2d _ c h 2d
I 1 CH D
~ - -Hi-* - f  yM  * I I
Hi^ *  *  •— Hi* -r. i*
/ / / / / / / / / / / / /
4
CHD
+ HD
•*> =* *-Hi* •** * *»Ui* f  
/ / / / / / / / / /
E thy lene  i s  f i r s t  adsorbed  by opening o f  th e  double 
bond. A dsorp tion  o f  hydrogen then  ta k es  p lace  by r e a c t io n  o f  a 
Van d e r  W aal’s adsorbed  m olecule w ith  an adsorbed  e th y len e  m o lecu le . 
S ince exchange and h y d ro g en a tio n  have d i f f e r e n t  e n e rg ie s  o f  a c t iv a t io n  
th i s  s te p  (3 ) cannot be th e  r a te  d e term in ing  one. As bo th  re a c t io n s
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have th e  same k in e t ic s  h o th  must proceed from th e  same adsorbed 
s t a t e  and th e re fo re  r e a c t io n  4 c o n tro ls  exchange and r e a c t io n  7 
h yd rogenation -
i t  i s  n ecessa ry  to  in c lu d e  one f u r th e r  eq u a tio n  to  ad eq u a te ly  e x p la in  
the a l l i e d  exchange r e a c t io n .  R eac tions 3 and 4 would su g g es t th a t  
d u rin g  exchange betw een e th y le n e  and deuterium  the  hydrogen re tu rn e d  
to  th e  gas phase has the  com position  HD* w hereas ex p e rim en ta lly  i t  i s  
shown to  be la rg e ly  This can only be ex p la in ed  by p o s tu la t in g
an a d d i t io n a l  and f a s t e r  r e a c t io n  5 which v i r t u a l ly  su p p resses  4«
Thus 1*2 and n o t HD w i l l  be re tu rn e d  to  th e  gas phase . These s te p s  
can be shown to ,e x p la in  a l l  th e  f e a tu re s  o f th e  exchange and 
h y d ro g en a tio n  re a c t io n s  o f e th y le n e .
th a t  o f J en k in s  and R id ea l (J» , 1955? 2490* 2496) to  be d is c u s se d . 
I t  d i f f e r s  c o n sid e ra b ly  from th a t  o f  Twigg i n  th a t  h y d rogenation
adsorbed) e th y len e  m olecule and two adsorbed  hydrogen atom s. T h e ir 
work was based on an e a r l i e r  o b se rv a tio n  o f Beeck* Smith* and W heeler
e th y len e  adsorbed  on a Hi su rfa c e  was 2s1* and who concluded th a t
A lthough the  above scheme w il l  e x p la in  h y d rogenation
/l/mnm / // //"//
There rem ains one f i n a l  mechanism* th e  most r e c e n t
comes about as a r e s u l t  o f c o l l i s i o n  between a gaseous ( i . e .  non
(P ro c . Roy. Soc.* 1940, A, 177? 6 2 ) th a t  the  r a t i o  o f  hydrogen to
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ethylene was th erefore adsorbed on 4 s i t e s .  I t  v/as suggested th at 
ethylene was d is s o c ia t iv e ly  chemisorbed to  an a c e ty le n ic  complex and 
two chemisorbed hydrogen atoms.
CH == CH
C2H4 + 4 Nl ^  ITi Hi-— * 2 M
, / f  ( f l l / l t i  H i
However, to  exp la in  the hydrogenation Beech (D iscu ss . Faraday S oc ., 
1950? 8? 118) found i t  necessary to assume th at some ethylene was 
a lso  a s so c ia te v e ly  adsorbed.
Jenkins and H ideal in  order to c la r i fy  the p o s it io n  
regarding the adsorption  o f  ethylene on a Hi su r fa ce , and i t s  mode 
o f  hydrogenation, carried  out a system atic exam ination c f  th e  behaviour 
of e th y len e , a lone, and in  the presence o f hydrogen, on I  su r fa ces . 
Their r e s u lt s  in d ica te  th at ethylene does not in  fa c t  undergo 
a sso c ia tiv e  adsorption  but on the contrary i s  d is s o c ia t iv e ly  and 
ir r e v e r s ib ly  adsorbed to an a c e ty le n ic  complex and chemisorbed 
hydrogen. They found that in  the f in a l  s ta te  the surface i s  80$ 
covered by these a c e ty le n ic  complexes, 10$ by hydrogen on double 
s i t e s ,  and 10$ by hydrogen on s in g le  s i t e s .  They conclude th at  
hydrogenation occurs through rea c tio n  between gaseous ethylene and 
chemisorbed hydrogen on the 10$ o f double s i t e s .  Adsorption o f  
more hydrogen on the vacated s i t e s  w i l l  then take place perm itting  
fu rther hydrogenation to occur.
The fo llo w in g  mechanism i s  proposed.
To exp la in  the fa c t  th at in  the i n i t i a l  sta g es  o f  
exchange the hydrogen gas lea v in g  the surface i s  almost pure hydrogen, 
and not HD as in d ica ted , they suggest th at the exchange rea c tio n  rate  
(rea ctio n  2) i s  much fa s te r  than the ra te  o f  desorption  3? so th at a l l  
the adsorbed deuterium w i l l  have exchanged w ith hydrogen ( in  e th y len e)  
before desorp tion , thus producing pure Hg.
The in trod u ction  o f  the R ideal mechanism com plicates  
the p ictu re  regarding exchange and hydrogenation s in c e , l ik e  the 
Twigg mechanism, i t  w i l l  a lso  ex p la in  a l l  the major fea tu res  
a sso c ia ted  w ith th ese  two r ea c tio n s . However, u n t i l  a more c r i t i c a l  
examination o f the R ideal mechanism has been made, most workers 
favour a Twigg type of mechanism in  which the o le f in ,  p r io r  to  
ad d ition  o f  hydrogen, undergoes a s so c ia t iv e  chem isorption on the 
c a ta ly s t .
The above survey has been r e s tr ic te d  s o le ly  to  a 
study of e th y le n e . This i s  due to the fa c t  th a t the m ajority o f
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work carried  out on the mechanism o f  c a ta ly t ic  hydrogenation has 
heen done w ith  th is  system.- The reason fo r  th is  i s  th a t various  
■ sid e rea c tio n s , such as double bond s h i f t ,  which can occur in  more 
complex system s, cannot occur in  ethylene and th erefore  the b asic  
hydrogenation rea ctio n  i s  not obscured by other sid e  r ea c tio n s .
Several other system s have been examined, notably  
propylene by Toyama (Rev. Phys. Ghem. Japan, 1940? 14,? 8 6 ), and the 
n-butenes by Taylor and JDibeler ( J . Phys. Chem. 1951? 55? 1036).
Their k in e t ic s  were shown to be s u f f ic ie n t ly  s im ila r  to  th a t o f ethylene  
fo r  i t  to be c lea r  th at rea c tio n  must take place by a b a s ic  mechanism 
s im ila r  to that p ostu lated  fo r  e th y len e .
There remains one fu rth er  point to  be c la r i f ie d .  
According to the Twigg mechanism c i s - ad d ition  o f hydrogen may take 
place in  two ways? e ith e r  by a d d itio n  o f hydrogen atoms to the o le f in  
m olecule from the s id e  fa c in g  the c a ta ly s t  or to the s id e  fa c in g  away 
from t h e .c a t a ly s t . Most workers accept the former p o s s ib i l i t y ,  and 
the r e s u lt s  o f Blom quist, Liu, and Bohrer ( j . Amer. Chem. S o c ., 1952,
74? 3643) would support th is  v iew . They found th at both c i s -  and 
tra n s-cyclononenes were rea d ily  hydrogenated. In  the case o f c i s -  
cyclononene ( i )  both s id e s  o f the double bond are eq u a lly  a c ce ss ib le  
and th erefo re  adsorption  o f the o le f in ,  and a d d ition  o f hydrogen to  
i t ,  may take p lace from e ith e r  s id e .  On the contrary in  the case o f  
tr a n s-cyclono ne ne (11) one s id e  of the double bond i s  com pletely  
blocked by the r e s t  o f the r in g , and th erefore adsorption and a d d itio n
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o f hydrogen? can only take place from one s id e . Since th is  
adsorbed sp ec ie s  adds hydrogen ju s t  as rea d ily  as the c i s -  
cyclononene i t  can only mean th at hydrogen i s  adding to i t  from 
the s id e  fa c in g  the c a ta ly s t .
H-C H-C
'C-H
c i s - cyclononene 
I
trans-cyclononono  
I I
S te r ic  In tera ctio n  between Substrate and C a ta ly st.
So far  l i t t l e  a tte n tio n  has been paid to  the part 
played by the saturated  portion  o f the m olecule on the mode o f  
adsorption o f the o le f in .  In  the case o f eth y len e only the double 
bond need be considered, but in  any more complex system the e f f e c t  
o f the r e s t  o f the m olecule on the double bond must a lso  be taken  
in to  account. For example in  tra n s-cyclononene? due to the 
nb lock in gM e f f e c t  o f the chain o f seven methylene groups, only one 
s id e  o f  the double bond i s  exposed to  the ca ta ly st?  and th is  adsorption  
can only take place from one s id e .
The fa c t  th at the groups attached to the tr ig o n a l  
carbon atoms o f the double bond in flu en ce  the ease o f  hydrogenation f  
has been appreciated fo r  some tim e, and much work o f a q u a lita t iv e
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nature carried  c u t . Some of the e a r l i e s t  measurements were made 
by Lebedev, Kobliansky, and Yakubchik (<T., 1925? 127? 417) who 
showed that compounds o f the type HCEtCH^  were hydrogenated more 
rea d ily  than o le f in s  o f  the type RCH=CHR/', Lagerev, and Abranov 
( j . Gen. Chem o, UoS°S.R., 1938, 8_, 1682) and Lag©rev, and Babak 
( ib id . ,  1937? 7,? I 6 6 l)  examined a s e r ie s  o f isom eric o le f in s  o f the 
general formula and observed that the ease of hydrogenation
decreased w ith in crea sin g  su b s titu tio n  about the tr ig o n a l carbon 
atoms.
n-C0H_-CH=CH-CH-> > (CH0 )0-CH-CH=CH-CIL > CBL - .CH.3 7  3 /  3 '2 3 /  3
vch’3
CH. C JI_ CH.,
5 V /  3\  \  \  /itr _ nrr nrr \ n nrr nrr \ n  u  ^nrr n
\
j  3 U 3
n-C .H--€H=CH„ > CH^C-CHaCH,, > aC=CH-CH, > C„H ~CH=C 
4 9 2 /  2 /  y S  3 /  2 5  N
CH, CH, CH.
K azanskii, and Tatevoysan (J . Gen. Chem., U .S .S .R ., 
1939? 2j ^458) observed a s im ila r  decrease when a simple t r i ­
su b stitu ted  ethylene was su c ce ss iv e ly  su b stitu ted  by la rg er  phenyl 
groups.
✓ ° *  x . ■ / H3 . . . /C6H5
C H ,-C H = C  ) C H ,-C H = C  )C H ,-C H = C  ) C ,H ,- - C & .C
3 y  /  3 /  3 \  & 5 y
C2H5 C6H5 C6H 5 °6H5
Thus the la rg er , and more numerous, become the 
su b stitu en ts  around the double bond the slower becomes the ra te  o f
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hydrogenation- Consequently,, i t  would appear that th ese su b stitu en ts  
exert a c er ta in  hindering e f f e c t  on the adsorption o f the o le f in .
L instead, Doering, Davis? Levine, and Whetstone 
( j .  Amer. Chem* S o c ., 1942? 6£? 1895)? ^  exam ination o f the
stereochem istry o f c a ta ly t ic  hydrogenation o f diphenic acid  and 
phenanthrene d e r iv a t iv e s , concluded that the adsorption o f  an organic 
molecule on a c a ta ly s t  i s  a ffe c te d  hy stereochem ical considerations*  
Thus the ease o f hydrogenation of large  m olecules appears to depend 
mainly on the a b i l i t y  o f the m olecule to fin d  an area on the c a ta ly s t  
which.has s u f f i c ie n t ' s i z e ,  su ita b le  spacing of th e  m e ta llic  atoms, and 
s u f f ic ie n t  f la t n e s s  to accommodate i t .  The o le f in  i s  adsorbed on 
th is  s i t e  in  such a way th at there i s  the minimum o f hinderanee 
between the c a ta ly s t  and su b stra te , i . e . ,  th at sid e  o f the m olecule 
which conforms most c lo s e ly  to a plane becomes adsorbed on the 
c a ta ly s t .  F in a lly  c i s - ad d ition  o f  hydrogen takes place to  the 
m olecule from the s id e  fa c in g  the c a ta ly s t  so th at a l l  the hydrogen 
atoms appear on the same s id e .
The concept o f c a ta ly s t  hinderance, introduced by 
Linstead e t  a l . ,  appears to  be a determ ining fa c to r  in  many 
hydrogenations, as shown by the r e s u lt s  o f Varon, Adkins, L instead , 
and o th ers .
Vavon (D u ll. Soc. chim ., (4 )? 1926, 3 9 ,668 ) found 
th at the hydrogenation o f su b stitu te d  hydroaromatic ketones gave 
predominantly c j-s-a lo o h o ls.
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H -V *O H
•R
In the ketcne s t e r io  hinderanee can occur "between the c a ta ly s t  and 
the group R, and adsorption w i l l  most r ea d ily  take place w ith the  
group R in c lin e d  away from the c a ta ly s t ,  so that the en terin g  hydrogen
C ata lyst hinderance can a lso  account fo r  the 
discovery  o f Adkins, Waldeland, and Zartman (<T. Amer. Chem. S o c ., 
1933? 4234) th at su b stitu ted  diphenyls o f  the type
in  which there i s  r e s tr ic te d  r o ta tio n  about the double bond, w i l l  
not undergo hydrogenation. This can be accounted fo r  by the fa c t  
that the m olecule, due to i t s  very form, cannot a t ta in  a planar 
con figu ration , and th erefore  adsorption and hence hydrogenation  
are in h ib ite d .
on C^  takes up the o i s - p o s it io n  w ith resp ect to th a t on C^.
f
A nother example o f i n t e r e s t  i s  an o b se rv a tio n  
made by L in stead  and co-w orkers on which t h e i r  h y p o th e s is  o f 
c a ta ly s t  h in d eran ee  i s  p a r t ly  b a sed . O ne-sided a d d i t io n  o f 
hydrogen to  the  octahydro-phenanthco l I  could  g iv e  r i s e  e q u a lly  to  
I I  o r  I I I *  E x p erim en ta lly  however only I I I  i s  ob tained? and the  
sim ple p o s tu la te  of o n e -s id ed  a d d it io n  i s  unable  to  account 
s a t i s f a c t o r i l y  f o r  t h i s  s in g le  p ro d u c t.
OH OH
12
OH
I  I I  I I I
L in s te a d  c o n s id e rs  th e  d e te rm in in g  f a c to r  here to  be one o f  c a ta ly s t  
h in d e ra n ce . I  can be adsorbed on th e  c a ta ly s t  i n  two ways w ith  th e  
r in g  A p o in tin g  away from th e  c a ta ly s t?  or tow ards i t .
V I I I
I n  th e  l a t t e r  case th e re  w i l l  obv iously  be c o n s id e ra b le  h inderance  
between s u b s tr a te  m olecule and c a ta ly s t  , and i t  i s  reaso n ab le  to  
suppose th a t  th e  form er non h in d e rin g  c o n f ig u ra tio n  ? / i l l  th e re fo re  be 
p re fe r re d . T his i s  what i s  found e x p e r im e n ta lly .
V
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O ptical A c tiv ity  and C a ta ly tic  Hydrogenation
A lthough o p t ic a l  a c t i v i t y  h as been w idely  used  as 
a to o l  i n  th e  s tudy  o f  homogeneous re a c t io n s  i t  has "been r e l a t i v e l y  
l i t t l e  a p p lie d  to  h e terogeneous system s.
I t  i s  true th at many o p t ic a l ly  a c tiv e  compounds 
have been hydrogenated, but the great m ajority of th e s e ,hydrogenations 
have been o f the type
. a  h
\ *  /;CH   C
Ef x X
where C=X represen ts any kind o f unsaturated lin k a g e . An example o f  
th is  type o f r ea c tio n  i s  the hydrogenation h e p t - l-e n -3 -o l  to  g iv e
3-h ep tanol, w ith no lo s s  in  o p t ic a l p u r ity . (Kenyon and Sn ellgrcve
J 1925, 127» 1169 - )
H E
’ P+ X  ^
c4h ?-c - c h  = CH2 -------------------------------c4h 9- c - c 2h5
CH. OH
In such a case i t  i s  not the stereochem istry  o f a d d ition  to the 
double bond which i s  of importance, but rather the stereochem ical 
consequences o f th is  a d d ition  to  the other parts o f the m olecule, 
and, as such, i s  o f l i t t l e  in te r e s t  in  the f i e l d  at present under 
in v e s t ig a t io n .
H ydrogenations which a re  o f p a r t i c u l a r  im portance
36
in  a stereochem ical and m echanistic in v e s t ig a t io n  o f c a ta ly t ic  
hydrogenation are those r e su lt in g  in  asymmetric sy n th eses . These 
are lim ited  in  number, and? w ith one exception , r e s u lt  in  low degrees 
of asymmetric sy n th e s is .
The f i r s t  p a r t ia l asymmetric sy n th es is  achieved by 
c a ta ly t ic  hydrogenation was carried  out by Vavon and Jakubowicz 
(B u ll. S ee. ch im ., 1933? ^3, 1111)• They hydrogenated, using  
platinum black as c a ta ly s t , o p t ic a l ly  a c tiv e  e s t e r s  o f  tran s-S -  
methylcinnamic acid  and obtained in  every ca se , on sa p o n if ica tio n  o f  
the saturated  e s te r , an o p t ic a l ly  a c tiv e  p-phenylbutyric a c id .
X-
CH-> yCOOR CH3 , CH3
^  CgH^ -^ -CH^ -COOR _^  C6H5-Cf-CH2~COGH
. CA  H H H6 5
An id e n t ic a l  reduction  to the above had p rev iou sly  
been attempted by Cohen and W hitely ( ‘ J  . ,  1901, 70? 1305) using  
an aluminium-mercury couple but no asymmetric sy n th es is  was ach ieved .
Lipkin and Stewart ( j  ■ Amer. Chem.,Soc. 1939? 61, 
3295) in  a s im ila r  experiment to  th a t of Vavon and Jakubowicz, reduced 
the hydrocinchonine s a l t  o f P-methylannamic a c id , using  platinum  
oxide as c a ta ly s t ,  and obtained on a c id if ic a t io n  o f the saturated  
s a lt  o p t ic a lly  a c tiv e  {3 -p henylbutyric a c id . An analogous experiment 
using the hydrocinchonine s a l t  o f (3 -  (a -n aph th y l) cinnamic acid  a lso  
y ie ld ed  an o p t ic a l ly  a c tiv e  saturated  a c id . In  both cases the degree
H / P t
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o f  asymmetric sy n th es is  was 8-9$? which compares w ith a maximum 
value of 20$ obtained by Vavon and Jakubowicz.. L ipkin and Stewart 
( ib id , 1939? 61, 3297) a lso  report an asymmetric sy n th es is  by 
reduction o f p-methylcinnamic acid  w ith d-g lucose in  a lk a lin e  
so lu tio n  in  the presence o f Raney n ic k e l . The p-phenylbutyric  
acid  obtained was only s l ig h t ly  o p t ic a l ly  a c t iv e  and in d ica ted  a 
degree of asymmetric sy n th es is  o f  about 0 . 5$ .
P relog  and h is  co-workers (B u ll . Soc. ch im ., 1956, 
937) in  an attempt to understand the s t e r ic  course o f  Grignard 
ad d ition  rea ctio n s w ith o p t ic a lly  a c tiv e  a -k eto  e s te r s  have re­
examined the work o f McKenzie ( fo r  b ib liography, see P relog , H elv. 
Chim. Acta, 1953, 36, 308)
R> R1
R -C O -C O g R *  R tM gX  y  R -C ~ C 0 2 R *   „ __ y  R -C -C O g H
OH (5h
P re lo g  p o in ts  ou t th a t  s in ce  th e  c o n f ig u ra tio n  o f 
the  o p t ic a l ly  a c t iv e  a lco h o ls  used  by McKenzie were n o t known the  
s t e r i c  c o n tro l  e x e r te d  by the  groups a tta c h e d  to  the asym m etric 
c e n tre s  in  them could  no t be a s c e r ta in e d , and hence no c o n c lu s io n s  
on the  s t e r i c  cou rse  o f  th e  re a c t io n s  could  be re a ch e d . P re lo g  
and h is  co-w orkers have th e re fo re  re p ea ted  McKenzie’ s work u s in g  
o p t ic a l ly  a c tiv e  a lc o h o ls  o f known c o n f ig u ra t io n .  They have found 
th a t  2
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(1 ) The con figu ration  of the r e s u lt in g  a-hydroxy ac id s  
was co n tro lled  by the s t e r ic  hinderance o f the groups attached to  
the asymmetric centre in  the o p t ic a lly  a c tiv e  a lcoh o l nearest to  
the rea ctin g  carbonyl group*
(2 ) In an a lcoh o l ^R ^C -O H  i f  R1, R2, and B3 d iffe re d  
considerably in  s iz e  then the degree of asymmetric sy n th es is  would 
be high*
Thus, by u sin g  the symbols L, M, and 3, as proposed 
by Cram and E lkafez (J . .Amer. Chem. S o c ., 1952? 74j 5828) to  rep resen t  
the la r g e ? medium, and sm all groups, and assuming th at R’MgX w i l l  
react with the most e n e r g e t ic a lly  favoured conformation o f the 
a.-keto e s te r , that i s  with the two carbonyl groups in  one place and 
a n ti to  each other, the fo llo w in g  scheme was obtained.
S R
4 i
M-C-OH + HO-OC-CO-R HO-OC-C-OH
4 4
\  /
L
S 0
/h R.!
M ,S 0
\ y  «C ,„C ^R ^  a  ^c R^
4  \  y  \  y  4  \ y  \ /\r 0 . co xr ■ 0 X
II j t  'v
n * &¥ RU ST> tMn-T
* ii&A OMgX
Attack by R’MgX takes place on the le a s t  hindered s id e , th at i s  on 
the same s id e  as the group S.
Prelog  ( lo c .  c i t . )  has suggested th at the ru les  
applying to the above homogeneous process should a lso  be app licab le
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to  a c a t a ly t i c  h y d ro g en a tio n , a lth o u g h  t h i s  i s  a he terogeneous 
p ro cess  and p re s e n ts  c e r t a in  a d d i t io n a l  co m p lex itie s  no t encoun tered  
i n  a homogeneous r e a c t io n .  To v e r i f y  t h i s  su g g es tio n  P re lo g  and 
S c h e rre r  (Helv# Chim. A cta, 1959? 42? 2227) have hydrogenated  a 
s e r ie s  of o p t ic a l ly  a c t iv e  e s t e r s  c f  tran s-^ -m eth y lc in n am ic  a c id , 
a f t e r  th e  manner o f Vavon and Jakubow icz, u s in g  o p t ic a l ly  a c tiv e  
a lco h o ls  o f  known c o n f ig u ra t io n . I h e i r  r e s u l t s ,  g iv en  "below, show 
P re lo g ’s p re d ic t io n  to  he c o r r e c t .
A lcohol S ign  $ Asymmetric S y n th es is  S ign of P roduct,
>
H-C-CH, (— ) 4-5 (-)
I 3
OH
(— ) 7-5 (— )H-C-CH
Mebv. DMe
K.C-C-H
( + ) ' 13 (+)
(+) 27 (+)
OH
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'Ulus the s te r i c  course of the hydrogenation may he rep re sen ted  as
S HOOC CH_
I* \  /  "
M-O-OE + C—C
/  \
V
H
M S O
\  /  (I
C O .  H
^ \ /  \  /
I f  0 C f  — H
II
C
/ \
H,C C fX3 6 5
C.Hr 6 5
A,
i 6 5 
H-C-CH -C00H
I .
CH.
A
I S O
\  /  If
• C C ■ H
4 \ / \ /h 0 G ^ H
i
H-— C
H0C C X3 . 6 5
As f o r  th e  two carbony l groups i n  the  a -k e to  e s t e r s , the  carbony l 
group and the  double bond in  t h i s  case a re  a lso  assumed to  be a n t i  
to  each o th e r  in  the  most e n e r g e t ic a l ly  favoured  conform ation , and 
as b e fo re  a tta ck *  t h i s  time by adsorbed hydrogen, ta k e s  p lace  on 
the  l e a s t  h in d e red  s id e .
O ccas io n a lly  in  th e  he terogeneous p ro cess  th e  ru le s  
appear to  be c o n tra d ic te d .  P re lo g  s t a t e s  th a t  t h i s  can be ex p la in ed  
by th e  f a c t  th a t  in  th e  t r a n s i t i o n  s t a t e  o f a c a t a ly t i c  hy d ro g en a tio n  
the more remote p a r t s  o f th e  o p t ic a l ly  a c t iv e  a lco h o l a re  capab le  
o f making a c o n tr ib u t io n  to  th e  s t e r i c  c o n tro l  o f the  r e a c t io n .
This i s  i n  c o n tr a s t  to  th e  homogeneous p ro cess  where only the  
asym m etric c e n tre  in  the  o p t i c a l ly  a c t iv e  a lc o h o l n e a re s t  to  the  
r e a c t in g  carbony l group i s  re sp o n s ib le  fo r  th e  c o n f ig u ra t io n  o f th e
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f i n a l  p ro d u c t. Thus i t  i s  th e  a d d i t io n a l  c o n tr ib u tio n s  in  the 
heterogeneous re a c t io n  which are  re sp o n s ib le  f o r  the ap p aren t 
d e v ia t io n s  from th e  r u le .
The low degree o f asym m etric s y n th e s is  ach ieved  
i n  a l l  th e  above case s  i s  probab ly  due to  th e  f a c t  t h a t  th e  re a c t in g  
c e n tre  i s  s e p a ra te d  from the  asym m etric c e n tre  by th e  -CO-O- g roup ing . 
Duveen and Kenyon ( B u ll S o c .c 'h im .?  1940? Mem.? 165) th e re fo re  
a ttem pted  the  re d u c tio n  of an u n sa tu ra te d  lin k ag e  a d ja c e n t to  an 
asym m etric c e n tre s  i t  be in g  rea so n ab le  to  ex p ec t th a t  under such 
c o n d itio n s  asym m etric in d u c tio n  would be a t  a  maximum? and th a t  
th e re fo re  a  h ig h  degree of asym m etric s y n th e s is  would be o b ta in e d .
# H * I *1 * I J
CH £ -  CH(0H)CH^ Eane^  CH  ^ *CHicH(OH)CH-, ^  CH^
^ 0  Hi x 0 0
X I I  I I I
The re d u c tio n  o f-1  was s u c c e s s fu lly  c a r r ie d  o u t bu t a l l  a ttem p ts  to  
re p la c e  th e  hydroxy l group i n  I I ?  so th a t  the  degree o f asym m etric 
s y n th e s is  m ight be determ ined  from th e  o p t ic a l  a c t i v i t y  o f  I I I ?  proved 
u n su c c e ss fu l. Arcus and Le Ba Loc (Le Ba Loc? Ph. D. T h e s is , Lond., 
1959) have re-exam ined  the  above r e a c t io n  bu t a tte m p ts  to  remove th e  
o r ig in a l  asym m etric cen tre?  t h i s  tim e by ox id a tio n ?  ag a in  proved 
u n su cc e ss fu l due to  r in g  cleavage,.-
Arcus and Smyth ( j .? 1955? 34) have however managed 
to  c a r ry  out a h y d ro g en a tio n  I n  which th e  o lo f in ic  lin k ag e  i s  a d ja c e n t
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to  th e  asym m etric c e n tre , and to  a s s e s s  th e  degree of asym m etric 
s y n th e s is .  This was found to  be 7 f a r  h ig h e r  th an  th a t  
ach ieved  i n  any o th e r  c a ta ly t i c  h y d ro g en a tio n .
(+ )-3 “E th y l-h e p t-3 -e n -2 -o l I  was hydrogenated  over Raney n ic k e l to  
g ive  th e  s a tu r a te d  a lco h o l I I  i n  which a new asym m etric c e n tre  was
found to  be o p t ic a l ly  a c t i v e . T his means t h a t  a d d it io n  o f hydrogen 
to  th e  im sa tu ra te d  a lc o h o l I  has tak en  p lace  from predom inantly  one 
s id e  o f th e  o le f in ic  lin k a g e , s in ce  were a d d it io n  to  tak e  p lace  w ith  
eq u a l ease to  e i t h e r  s id e  o f th e  double bond th e  f i n a l  p roduct would 
be o p t ic a l ly  in a c t iv e ,  and no asym m etric sy n th e s is  would have r e s u l te d .  
The au th o rs  c o n s id e r  th a t  i t  i s  th e  asym m etric c e n tre  a t  0^ which 
c o n tro ls  th e  mode o f a d so rp tio n  o f th e  u n s a tu ra te d  a lco h o l on th e  
c a ta ly s t  so th a t  i t  i s  adsorbed  in  one h e a v ily  p re fe r re d  con fo rm atio n . 
C is -  a d d it io n  o f hydrogen to  th e  s id e  o f the  m olecule fa c in g  th e  
c a ta ly s t  th e re fo re  r e s u l t s  i n  th e  a lco h o l b e in g  predom inantly  
hydrogenated  from one s id e .  Thus asym m etric a d so rp tio n  p reced es, 
and le a d s  to ,  asym m etric a d d i t io n  o f hydrogen. I t  i s  suggested  th a t
ch(oh)ch.ch(oh)ch.
C JBL-CH
4 9 j
COCH3
I I I I I I
g en e ra ted  a t  The o r ig in a l  c e n tre  o f asymmetry a t  was then
removed by o x id a tio n  and th e  r e s u l t in g  3 -e th y l~ h ep tan -2 -o n e  I I I  was
t h i s  a d so rp tio n  ta k es  p lace  hy in te r a c t io n  o f the  lo n e -p a ir s  o f th e  
oxygen atom* as w ell as th e  it e le c tro n s  of th e  double hond w ith  
the c a t a l y s t .
*
A rcus, C ort, Howard, and Le Ba Loc ( J . ,  i 960 , 1195) 
have r e c e n t ly  re p o r te d  a f u r th e r  asym m etric hy d ro g en a tio n  o f the  
above types 3 -m e th y l-4 -p h en y lb u t-3 -e n -2 -o l,IV , b e in g  hydrogenated  
over Raney Hi to  y ie ld  a 22$ asym m etric s y n th e s is .
Ph CH '
/  3
f
H CH(0H)CH'3
IV . .
Compared w ith  th e  p rev ious example the  low degree o f asym m etric 
s y n th e s is  i s  somewhat s u r p r is in g .  However, work d e sc rib e d  in  th e  
p re s e n t T h es is  p ro v id es  a f u r th e r  example of t h i s  type o f h y d ro g en a tio n  
which has y ie ld e d  a 57$ asym m etric s y n th e s is .
* The work re p o r te d  h ere  was c a r r ie d  out by Le Ba Loc, b e in g  p a r t  o f 
a T h esis  p re se n te d  to  the  U n iv e rs ity  o f  London f o r  the  Ph.D. degree^ 
the  c o n tr ib u t io n  of th e  p re se n t a u th o r , r e l a t i n g  to  the  hyd ro g en a tio n  
o f a -p in e n e , i s  d e sc rib e d  l a t e r  i n  th e  p re se n t T h e s is .
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CONCLUSIONS
From th e  fo reg o in g  rev iew  i t  can he seen  th a t  
c a t a ly t i c  hyd ro g en a tio n  i s  a p ro cess  o f co n s id e ra b le  com plexity , 
and th a t  the  ex ac t mechanism o f the  r e a c t io n  i s  s t i l l  no t f u l l y  
u n d e rs to o d . However, i t  i s  ap p aren t th a t  th e re  a re  a number o f 
b a s ic  f e a tu r e s  which a re  a lm ost in v a r ia b ly  p re se n t i n  any 
h y d ro g en a tio n . These may be summarised a s  s -
(1 )  P r io r  to  a d d it io n  of hydrogen bo th  th e  hydrogen and th e
u n s a tu ra te d  m olecule a re  adsorbed  on th e  c a t a ly s t .
( 2 ) The mode o f a d so rp tio n  o f  the  o le f in  i s  c o n tro l le d  by
v a rio u s  s t e r i c  f a c to r s ,  such as th eM n d e rin g  e f f e c t  o f 
a la rg e  groups in  g en e ra l th e  a d so rp tio n  conform ation  
which p re s e n ts  the double bond most c lo se ly  to  a p lane  
be in g  adop ted .
(3 ) A d d itio n  o f hydrogen ta k e s  p lace  v ia  the  independent
approach o f  two hydrogen atoms? t h i s  hydrogen adding 
o i s -  to  t h a t  s id e  of the adsorbed  m olecule which fa c es  
t h e ,c a t a l y s t •
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HJRPQSE OF THE WORK
In the preceding review i t  has "been shown th at the 
m ajority o f  asymmetric synth eses achieved "by hydrogenation have 
been o f  the fo llo w in g  type s
Me COOR* Me Me
"n. /  J* *
C * C v Ph-C-CH -^COOR v Ph-C-CH0-C00H/  \  O o a t ^  * 2  J 2
Ph. H H H
However, more r ecen tly  Arcus and co-workers (J .j l9 5 5 ;  
34 and J . ,  i9 6 0 , 1195) have reported two asymmetric sy n th es is  by 
hydrogenations of a d if fe r e n t  ty p e.
R1 R2 R2 R2
* 0 ^  H ^ c a t . ^cjR gH Oxid. R1CH fa___________  ^ c h . - S h  Q x i A \  R 1 Gx1 -
/  \ #  *  2 I ^  t
H CH(0H)le *CH(0H)le COMe
In  both o f the above schemes an asymmetric sy n th es is  
i s  achieved by the hydrogenation o f an o le f in ic  lin k age , and there  
i s  no reported example o f  an asymmetric sy n th es is  o f  e ith e r  type in  
which the unsaturated centre i s  o th er  than o le f in ic .
I t  was th erefore decided to  attempt an asymmetric 
hydrogenation o f  the type reported by Arcus and co-workers, but in  
which the unsaturated centre was aromatic in  character.
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The two arom atic  a lc o h o ls  used  f o r  t h i s  in v e s t ig a t io n  
were j3 -n ap h th y lm e th y lca rb in o l I ,  and 2~(P-cym yl) m e th y lca rb in o l I I .
CH ( OH )Me
I I I
The h yd rogenation  o f th e se  two a lc o h o ls  i s  re p o r te d  
in  p a r t s  I I I  and IV r e s p e c t iv e ly .
In  “bo th  o f  th e  asym m etric sy n th eses  re p o r te d  by
Arcus and co-w orkers a new c e n tre  o f  asymmetry was produced a t  O y
i . e .  a to  th e  o r ig in a l  c e n tr e .  The h y d rogenation  o f  4 -p h en y lp en t-
3 -e n -2 -o l ( i l l )  i s  now re p o r te d  i n  which a new asym m etric c e n tre  i s
g en e ra ted  a t  Q y  (3 to  th e  o r ig in a l  c e n tre  s
i
Ph. H Ph
X  /  \ *  #
. C b C Sv GH-CH«-CH(0H )Me/  V   ^ /  2
Me CH(OH)le Me
I I I
On vapour-phase  chrom atography, th e  two d ia s te r e o -  
iso m eric  a lc o h o ls  produced, on h yd rogenation  s e p a ra te d  com ple te ly , 
and the  degree o f asym m etric s y n th e s is  h as been determ ined  from th e  
chromatogram (. P a r t  i ) .  The s te re o c h e m is try  o f  the h y d ro genation  
i s  d is c u s se d .
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Vapour-phase chrom atography has a lso  heen 
used to  examine th e  e x te n t o f  o n e -s id ed  a d d i t io n  o f hydrogen 
to  ( - ) - a  -p in en e  i n  th e  p resence  o f  a Raney n ic k e l c a ta ly s t  
( p a r t  I I ) .  The s te re o c h e m is try  o f  the  hyd ro g en a tio n  i s  
d iscussed*
The p u r i f i c a t io n  o f o rg an ic  compounds by 
zone m e ltin g  o r  p ro g re s s iv e  f r e e z in g  tech n iq u es  has been 
reviewed? and th e  p u r i f i c a t io n  o f  (-f)-a  -p inene  by p ro g re ss iv e  
f r e e z in g  examined*
PMT 1
Ph.
V ^
C=CH-CH(OH)CH3
m/
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R eaction  Scheme
PISCUSSIOH
Ph H Ph
\  =
/
0 N k
\ y
CH0 COCH. ch33 o
4-Phe n y lp e n t-3 -en -2 -o n e  
Ph H t
V  yy  — ^
CH3 gH(OH )0H3 E p/m  ^
4 -P h en y lp en t-3 ~ en -2 -o l
4~Phenylpenta.n-2-one
Ha
gh- ch9- ch(oh)ch3
CH.
4-Phe ny Ip e n t an-2~o1
4-Pheny lp e n t-3 -en -2 -o n e
'4-Phenylpent~3~en~2~one was f i r s t  p rep ared  by Johnson 
and ICon ( j 1926,  2748) "by "the a c t io n  o f z in c  m ethyl io d id e  on p -  
m ethylcinnam oyl c h lo r id e .  Since th e n  a number o f a l t e r n a t iv e  methods 
o f p re p a ra t io n  have been re p o r te d . Howard and Smith ( j . Amer. Chem. 
S oc ., 3-943*6£? 165) have p repared  th e  ke tone  by p y ro ly s is  o f 3 - a c e to -  
4~ pheny lpyrazo line  ( i )  o b ta in ed  by r e a c t io n  betw een diaaom ethane and 
b e n ay lid en e ac e to n e .
PhCH=sCHCOCH.
+ch2h2
Ph-CH-C-COCIL 
I H 4
CH0H
\ 2/
Ph
— ^  ^ C  = CHCOCH
CH. 3
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A more re c e n t method i s  th a t  o f  M artin  and Ebrmant (B u ll .  Soc. 
chim . France., 1957s 432) who p repared  the ketone  by h y d ro ly s is  o f  
th e  e n o lic  e th e r  IV* which they  had o b ta in ed  v ia  a s e r ie s  o f r e ­
a c t io n s  s t a r t i n g  from e th y l  v i r y l  e th e r  ( i l )  and a-m ethy l s ty r y l  
bromide ( I I I ) .
Ph
\
/
ch3
0 e CHBr
0C2H5
CH,
I I I
s k
Ph
CH3
C « CHMgEr +
Ph
C = CHCOCH- 
✓ 3
ch3
XI
Br,. 
*  '
OEt
I
BrCH
CH^Br
r4 H2S0,
hyd,
Ph
\
✓
CH-
/
C = CH— CH 
\
a l e '
Ph
\
OEt
CHgBr
KOH
\ k OEt
/
CH.
jC « CH*
/
CH,
IV
However? o f  th e  v a r io u s  methods a v a ila b le  f o r  th e  p re p a ra t io n  o f 
4 -pheny lpen t~ 3-en-2 -one th a t  o f Johnson and Kon i s  .the  s im p le sts  
i t  i s  a p p lic a b le  to  la rg e  s c a le  p re p a ra t io n s  and u ses  r e a d i l3r 
a v a ila b le  s t a r t i n g  m a te r ia ls ?  namely? acetophenone ( v )  and e th y l  
b rcm oaceta te  (VT).
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Ph Ph
,^ C  » 0 + CHgBrCOOEt Zn y  C^-C-CH^OOEt VII 
CH. OHo
V VI
Ph H Ph
X / X
/  "
n
\
C
X
CH^ C00H ch3
P°C13
V III
S0C12
M /
Ph H Ph H
X  ✓ X  /
J3 « C Zn Me I  C = C/  \  ---- ■ . y  ^
ch3 0001 ch3 ooch
A m odified  v e rs io n  o f th e  Johnson and Kon method 
has been used  in  th e  p re se n t work:. I t  d i f f e r s  only  from th e  above 
scheme i n  t h a t  i n  the f i n a l  s tag e  the  z in c  m ethyl io d id e  has "been 
re p laced  by d im ethy l cadmium. D im ethyl cadmium i s  p re fe r re d  because 
o f i t s  g r e a te r  ease  o f p re p a ra t io n , th e  a p p re c ia b ly  h ig h e r  y ie ld s  
th a t  i t  g iv e s , and i t s  low er r e a c t i v i t y  tow ards the  carbony l group.
The f i r s t  s te p  i n  th e  s y n th e s is  in v o lv ed  th e  
p re p a ra t io n  o f th e  h y d ro z y -e s te r  V II, which was o b ta in e d  by means 
of a R eform atsky re a c t io n  w ith  acetophenone and e th y l  b ro m o ace ta te . 
The crude h y d ro x y -e s te r , w ith o u t p u r i f i c a t io n ,  was dehydra ted  w ith  
phosphorus oxych lo rid e  to  th e  u n s a tu ra te d  e s t e r  V III which on
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h y d ro ly s is  y ie ld e d  t r a n s - (3-m ethylcinnam ic a c id  m .p .99-100°.
S toerm er, Grimm, and Laage (B e r .,  1917? £0? 959) r e p o r t  f o r  the  
t r a n s - a c id  m -p.98#5 °# and have shown helow th a t  the isom er w ith  th i s  
m e ltin g  p o in t i s  u n eq u iv o ca lly  th e  t r a n s - compound. The i n i t i a l
y ie ld  o f a c id  from th e  h y d ro ly s is  was somewhat low "because o f the  
fo rm atio n  of a c o n s id e ra b le  amount o f an o i ly  "by-product. Johnson 
and Kon showed t h i s  to  "be a m ix tu re  o f th e  {3Y~acid (p -p h e n y lv in y la c e tic  
a c id ) ,  and the  e l s -  and t r a n s -  [3-m ethylcinnam ic a c id s .  By tre a tm e n t 
o f th e  o i l  w ith  "boiling  c o n ce n tra te d  a l k a l i  a f u r th e r  q u a n ti ty  o f th e  
s ta b le  t r a n s - 3-meth y lc in n am ic  a c id  was o b ta in ed  owing to  th e  co n v ersio n  
o f th e  le s s  s ta b le  a c id s .  The 4~pbenylpent-3~‘en-2~one was f i n a l l y  
o b ta in ed  by th e  a c t io n  o f  d im ethy l cadmium on the  t r a n s -6 -methy 1 - 
cinnam oyl c h lo r id e .  The ketone  was o b ta in ed  as  a ye llo w  o i l  b .p .
1 2 7 -1 3 0 °/l2  mm. n ^  1.5675 (Howard and Smith r e p o r t  b .p .l3 2 -1 3 8 ° / l7
2*5 o / 20mm., n ^  I . 5662 . M artin  and Hormant r e p o r t  b .p .  124 / 8  mm., n ^
I . 5492) .  Johnson and Kon i s o la t e d  th e  k e to n e  i n  the  form o f the  
sem icarbazone and re p o rte d  f o r  th e  re g e n e ra te d  k e to n e  b . p . 133-136 ° / l2  
mm., which s o l i d i f i e d  on s tan d in g  form ing la rg e  p la te s  m .p. 100°.
When a tte m p ts  were made to  c i y s t a l l i s e  th e  ye llo w  o i l  from th e  d i ­
m ethyl cadmium p re p a ra t io n , the ke tone  was d e p o s ite d  as p a le  ye llow  
n e e d le - l ik e  c r y s ta l s  m .p .3 7 .5 -3 8 .5 °*  This m e ltin g  p o in t and c r y s ta l  
form are  i d e n t i c a l  w ith  th o se  re p o r te d  by Arcus and co-w orkers 
(j*,1960, 1195 ) f o r  3 -m eth y l-4~ pheny lbu t-3 -en -2 -one  IX .
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Hi OIL Ph H
X  S 3 X  /
. G = G C = Cv/  x  *  x
H COCH0 CIL COCH-j3 3 3
IX X
I t  was th e re fo re  fe a re d  th a t  d u rin g  th e  a ttem p ted  p re p a ra t io n  o f 
X is o m e r is a t io n  had occurred  a t  some s tag e  to  g iv e  the iso m eric  
ke tone  IX . However., when a mixed m e ltin g  p o in t was c a r r ie d  o u t 
between th e  p rep ared  ke tone  and an a u th e n t ic  sample o f IX? the  
m ixture m elted  im m ediately  the  two components were brought to g e th e r?  
in tim a te  m ixing b e in g  u n n ecessa ry .
F u r th e r  p ro o f th a t  th e  p rep ared  ke tone  ?/as 
4-phenylpent~3~en-2~one X was o b ta in ed  by i t s  o x id a tio n  to  t r a n s - p -  
m ethylcinnam ic a c id ,  (see  page 73 )
The y ie ld  o f pure 4~piieny lpen t-3-en-2-one o b ta in ed  
from th e  d im ethy l cadmium r e a c t io n  was 50$? which compares fa v o u rab ly  
w ith  the  25$ y ie ld  o f  Johnson and Kon u s in g  z in c  m ethyl io d id e ♦
The g e o m etrica l c o n f ig u ra tio n  o f  4 -p h en y lp en t-3 -en -2 -o n e
O x id a tio n  o f  4 -p k en y lp en i-3 -en -2 -o n e  w ith  sodium 
h y p o c h lo rite  was found to  y ie ld  P -m ethylcinnam ic a c id  o f m .p .99 -100°.
p-M ethylcinnam ic a c id  e x i s t s  i n  two forms? a s ta b le  
form o f  m .p .9 8 .5°? an^ an u n s ta b le  form? g e n e ra l ly  c a l le d  a l lo - p  -  
m ethylcinnam ic a c id ? o f  m.p, 1 3 1 .5 ° .(Stoerm er? Grimm and Laage* B er.?  
1917? %Qj 959)« The a l lo - a c id  may be o b ta in e d  by exposing  the  
s ta b le  a c id  to  u l t r a - v i o l e t  l i g h t  f o r  10 days? and when shaken w ith
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co n ce n tra te d  su lp h u ric  a c id  a t  -5 °  g iv e s  3 -m ethy lindone . 
(S toerm er and Laage* ib id*  981)•
CH H
\  /
X
COOH
.CH.
3 +H2°
»
0
The a l lo - a c id  must th e re fo re  he th e  c i s - isom er.
Thus th e  p-m ethy lcinnam ic ac id  o b ta in ed  by the  
o x id a tio n  o f  4 -pkeny lpen t-3 -en~ 2-one i s  th e  t r a n s - a c id 9 and th e  
ke tone  must have th e  t r a n s -c o n f ig u ra tio n  X.
4-Phenylpent--3~en-2-o l
4-Phenylpent~3~en--2-ol was p rep ared  by a M eerwein- 
Ponndorf-V erley  reduction*  w ith  aluminium iso p ro p o x id e , o f  the
The a lc o h o l i s  concluded to  be a s in g le  g eo m etrica l isomer* and of 
the  t r a n s - c o n f ig u ra t io n  (X l) u n a lte re d  from th a t  o f  th e  k e to n e .
C = C
COCH.
X
H
ketone  X. T his a lc o h o l i s  a c r y s t a l l i n e  so lid *  m .p ,63-64°? and 
gave a H -a-naphthylcarbam ate* m ,p .96-97°j and a H -4-d ipheny ly lcarbam ate  
m .p .116.5-117°• Each o f  th e se  compounds behaved as a s in g le  e n t i t y .
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CH ch(oh)ch.
XI
< Ph.
A ttem pted vapour- phase chrom atography o f  th e  a lco h o l
was u n su c c e ss fu l, owing to  i t s  decom position on th e  column u sed .
in j e c t io n  would in d ic a te  th a t  th e  decom position  p ro d u c ts  a re  hydro­
carbons, a s  o :nygen-containing compounds a re  h e ld  hack by a t r i t o l y l  
phosphate pack ing . I t  i s  p o ss ib le  th a t  th e se  compounds a re  t r a n s -  
and c is_ -4 ~ p h e ]^ lp e n ta - l,3 -d ie n e , formed by d e h y d ra tio n  o f th e  
a lco h o l accompanied by is o m e r is a t io n .
decom position  o ccu rred , b u t the  a lc o h o l was r e ta in e d  so long  on the  
column th a t  no p o s i t iv e  tra c e  was o b ta in e d .
The appearance o f  two peaks (see  F ig . 1, page 75 ) so soon a f t e r
~>
Ph H
X  /
✓ 0 -  CS  .
CH3 C&=CH2
ch3 ch(oh)ch3
CHaaCH,
When th e  a lco h o l was su b je c te d  to  chrom atography a t  100° no
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The c a t a ly t i c  hyd rogenation  o f 4-pb.er;ylpent-3"-en~2-ol
4"Pkenylpent-3--en~2-ol was hydrogenated  o v e r Raney 
Mi W-3 c a ta ly s ts  a t  a maximum tem peratu re  o f  52°C? and a maximum 
p re ssu re  o f  107 atm ospheres? to  g ive  the s a tu r a te d  a lco h o l 4“ P heny l- 
p e n ta n -2 -o l h . p . 118-119 /1 0 -5  m m .,nt^ 1.5101 (M enitzescu , Gavat? and 
Gocora? B ar.? 1940? 73B9 233? re p o r t  h .p o l2 4 -5 ° / l5  rum.)
T h e o re tic a l ly  the h yd rogenation  o f  ( i) -4 -p h e n y Ip e n t-
3 -e n -2 -o l could  produce fo u r  d ia s te re o is o m e r ic  forms o f th e  s a tu ra te d  
a lc o h o l .
Ph Ph
a CH -  CH(0H)H© H2//l:?1 -v ^CH-CH2-CH(0H)Me
) (+ ).® .«® *.«o. (+ ) I
 (+) I I
( • (+).................(-) III
) » . . o « o . . « .  )  IV
These fo u r forms com prise two d ia s te re o iso m e ric  racem ates 
namely ( I  + IV) and ( I I  + I I I ) ?  one of which should  predom inate over 
th e  o th e r  i f  an asym m etric a d d it io n  o f hydrogen has o ccu rred .
V apour-phase chrom atography showed the  s a tu r a te d  
a lc o h o l to  he a m ixture' o f two d ia s te re o is o m e r ic  racem ates? p re se n t 
in  unequal amounts? in d ic a t in g  th a t  an asym m etric h y d ro g en a tio n  had 
in  f a c t  ta k en  p la c e .
To determ ine  th e  degree of asym m etric sy n th e s is
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i t  i s  n ecessa ry  to  know the  amount of each, racem ate  p re s e n t ,  s in c e s -
j, . . . ,, Excess o f m ajor over m inor component „% Asymmetric sy n th e s is  » —““— i  -a—— 3 ———  , x  100' T o ta l amount o f  m ajor ana m inor components
These q u a n t i t ie s  may he r e a d i ly  c a lc u la te d  hy 
m easuring th e  a re a s  under the  peaks o f  a  vapour phase chromatogram 
o f  th e  a lc o h o l , s in c e  f o r  two d ia s te re o is o m e r ic  racem ates the  a re a s  
under th e  peaks w i l l  he p ro p o r tio n a l to  th e  amount o f each  racem ate
p re s e n t .  T h e re fo re s -
^ A , . ,, Area o f m ajor component -  Area o f m inor component _% Asymmetric s y n th e s is  » y  ---- — — y—  ——r—------------- -----y -— — — ■ x' 0  ^ T o ta l a re a  of m ajor + m inor components
By u s in g  the  ahove e x p re ss io n  th e  f i r s t  hyd ro g en a tio n  
was found to  have g iv en  a $0$ asym m etric s y n th e s is -  A second 
h y d rogenation , c a r r ie d  ou t under i d e n t i c a l  c o n d itio n s , gave a 57$ 
asym m etric s y n th e s is .
These f ig u re s  a re  not th e  e x a c t deg rees  o f  asym m etric 
s y n th e s is  ach ieved  s in ce  a p a r t i a l  s e p a ra t io n  o f  th e  d ia s te re o is o m e r ic  
racem ates was accom plished hy d i s t i l l a t i o n .  This was shown when th e  
f r a c t io n s  o f low est and o f  h ig h e s t  h o i l in g  p o in ts ,  o b ta in ed  hy 
d i s t i l l a t i o n  o f  th e  crude a lc o h o l from th e  f i r s t  hyd ro g en a tio n , were 
su b je c te d  to  vapour phase chrom atography - The lo w -b o ilin g  f r a c t i o n  
in d ic a te d  a 43$ asym m etric s y n th e s is ,  and th e  h ig h -b o i l in g  f r a c t io n  
a 53$ asym m etric s y n th e s is .  The ap p aren t in c re a s e  i n  the  deg ree  o f 
asym m etric s y n th e s is  i s  due to  a l a r g e r  amount o f  th e  h ig h e r  h o i l in g  
racem ate b e in g  p re se n t i n  th e  h ig h e r  h o i l in g  f r a c t i o n s .  However, the
100
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lo w -b o ilin g  f r a c t io n  c o n s t i tu te d  only  about 5$ o f tb e  hyd ro g en a tio n  
p ro d u c t, and th e  h ig h -b o i l in g  about 10$, and c a lc u la t io n  in d ic a te s  
th a t  th e  pe rcen tag e  o f asym m etric s y n th e s is  found f o r  th e  main 
f r a c t io n  ( 50$ ) does not d e v ia te  by more th a n  1$ from th e  c o r re c t  
v a lu e . A lthough a s im i la r  d e ta i le d  chrom atographic a n a ly s is  was 
no t c a r r ie d  ou t on th e  p roduct o f th e  second hydrogenation* i t  i s  
p robab le  th a t  th e  t ru e  degree  o f  asymm etric s y n th e s is  i n  t h i s  case 
a lso  does no t d i f f e r  from th a t  o f  th e  main f r a c t io n  (57$) >^7 more 
th an  1$.
O x id a tio n  o f  4~-phenylpentan~2'-ol
The f i n a l  s te p  in  th e  sy n th e s is  was th e  rem oval o f 
the o r ig in a l  c en tre  o f  asymmetry a t  by o x id a tio n .
The method used was th e  same a s  t h a t  employed by
Arcus and Smyth (J  1955? 34) 'to remove th e  asym m etric c e n tre  a t
Cg in  ( - ) - 3 - e th y lh e p ta n - 2 - o l .  The a lco h o l was d is so lv e d  i n  g la c i a l
a c e t ic  acid* and o x id ise d  a t  80° by th e  a d d i t io n  o f chromic anhydride
in  g la c i a l  a c e t ic  a c id .  The k e to n e  was o b ta in e d  as a ye llow  l iq u id
b . p . 116- 117'° / l 4  mm., n ^  1 . 5048, n ^  1.5091*? sem icarbazone m .p.
140-1410 . (Colonge and P ic h a t ,  B u l l .  S ee . 0 him . P rance , 1949? 177 
/ «
r e p o r t  b . p . l 0 9 ° / l l  mm., n ^  1.5890? sem icarbazone m .p .l37°»
ITenitzescu and G avat, Ann., 1935? 519? 260, r e p o r t  b .p .H 3 -1 1 5 ° / l3  mm., 
n ^  I . 5124? sem icarbazone m .p .137°)°
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The o x id a tio n  o f 4 -p h e n y lp e n ta n -2 -o l9 which 
vapour-phase chrom atography showed to  he a m ix ture  o f two 
d ia s te re o is o m e r ic  racem ates9 should  g iv e  r i s e  to  a s in g le  racem io 
m o d if ic a tio n  o f th e  k e to n e , a s  o x id a tio n  removes the  o r ig in a l  
c e n tre  o f asymmetry i n  the  a lc o h o lj and le av e s  th e  ketone w ith  
only the  s in g le  induced  asym m etric c e n tre  a t  C^.
T his was confirm ed hy vapour phase chrom atography 
which showed th e re  to  he a s in g le  component p re s e n t .
The s te reo ch em ica l co arse  o f  c a t a ly t i c  h y d rogenation  
o f  4-~phenylpent-3-en~2~olo
C is -a d d it io n  o f hydrogen to  ( i) -4 -p h e n y lp e n t-
3 -en ~ 2 -o l ( I  and I I ) can g ive  r i s e  to  fo u r  d ia s te re o is o m e r ic  
forms o f 4“ Pke^ l p ett'fca'n-2-ol ( i l l ?  IV 9 V9 and V I) s -
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^  A d d itio n  o f hydrogen from above
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I 
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H
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The p a i r s  ( i l l  + v ) 9 and (IV + V I) com prise two 
d ia s te re o is o m e r ic  racem ates., each racem ate "being o b ta in e d  "by 
a d d it io n  of hydrogen to  a d i f f e r e n t  s id e  o f  the  double bond.
I f  a d d i t io n  o f  hydrogen ta k e s  p la ce  w ith  eq u al 
ease  to  e i t h e r  s id e  o f th e  double bond th e  two racem ates w i l l  be 
o b ta in e d  in  eq u a l amounts* and no asym m etric s y n th e s is  w i l l  r e s u l t .
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However, vapour-phase chrom atography shows th a t  
one racem ate predom inates over th e  o th e r  to  th e  e x te n t o f '3 s i ,  and 
th e re fo re  p r e f e r e n t i a l  a d d it io n  to  one s id e  o f  the  double bond must 
have occurred®
The f i r s t  p o s s ib le  e x p la n a tio n  f o r  t h i s  behav iou r 
i s  t h a t ,  because o f th e  h in d e rin g  e f f e c t  c f  one or more groups in  
the  a lc o h o l , th e re  i s  s t e r i c  h in d eran ce  between c a ta ly s t  and 
s u b s tr a te  such th a t  only  one s id e  o f  the  double bond can be p re sen te d  
i n  a p la n a r  conform ation  to  th e  ca ta ly st®  (Such as  i s  the  case w ith  
a -p in e n e , see page 99 )
That t h i s  e x p la n a tio n  does n o t app ly  f o r  4 -p h en y l- 
p eh t-3 -en ~ 2 -o l i s  shown by a study  o f th e  a lc o h o l m olecule w ith  
C a ta l in  m odels, when i t  can be seen  th a t  e i t h e r  s id e  o f th e  double 
bond can  be p re sen te d  to  th e  c a ta ly s t  i n  an e q u a lly  p la n a r  
confo im ation  (A and B)®
Ph H Ph. -Me
X  /
C = C Me H/  X T  f t  “ e
Me C 0 »
/  X /  \ *  .
HO ’H H a
/  NV
HO VH
A B
Thus the  d issym m etric  a d d it io n  o f hydrogen cannot 
be due to  th e  b lo c k in g  o f one s id e  o f  tho  double  bond. The only
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oth er p o ssib le  exp lanation  i s  th a t i t  i s  due to the o r ig in a l  
asymmetric centre a t C^9 which must con tro l the mode of adsorption  
o f the a lcoh o l on the c a ta ly s t  such th at one h ea v ily  preferred  
conformation i s  adsorbed* From exam ination o f  A and S i t  i s  
observed th at there i s  c lo s e r  crowding o f the methyl groups in  
B than in  A? and hence i t  i s  probable th at A i s  the preferred  
adsorption conform ation. Arcus and Smyth ( J . ? 1955? 34) have 
suggested th at t h is  adsorption o f the a lcoh o l takes p lace v ia  
in te r a c tio n  o f  the lo n e-p a irs  o f  the oxygen atom, as w e ll as o f  
the 7i e lec tro n s  o f  the double bond, w ith the c a t a ly s t .  I f  
adsorption i s  fo llow ed  by c i s - a d d ition  o f  hydrogen to the s id e  o f  
the adsorbed m olecule fa c in g  the c a ta ly s t ,  the r e s u lt  w i l l  be 
predominantly on e-sid ed  hydrogenation o f the a lc o h o l.
I f  the above arguments are correct the course 
o f  hydrogenation o f (-)-4 -p h en y lp en t-3~ en ~ 2-o l may be represented
as s—
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Since A and A* a re  th e  p re fe r re d  conform ations* 
th e  racem ate CC* w i l l  he the  one which predom inates i n  a m ix ture  
o f  th e  two racem ates CC! + PD! •
v  Vapour—phase chrom atography showed th a t  the
racem ate CC1 predom inated over HD1 to  th e  e x te n t of about 3 si?
6 4
in d ic a t in g  th a t  th e  a lco h o l i s  th re e  tim es more re a d i ly  adsorbed i n  
th e  A conform ation  th an  in  th e  13.
The f i n a l  o x id a tio n  s ta g e  c f  th e  r e a c t i o n ?i n  which 
the  o r ig in a l  asym m etric c e n tre  a t  was removed,may he re p re se n te d  
ass~  )
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Ph
Me
H
OH
Jdd
Ph
Me
H
E E 1
Ph
me -■
H -
HO -  
Me
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Toxid ♦ 'to x id
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Ph
i *
Ph
i
II - Me
♦ Me 4 — H
I) * S ’ 
\H -it H H — HHO ■ H I H -4-— OHJ— i r
Me Me
Thus o x id a tio n  should  g iv e  a s in g le  racem ate EE1, 
a r e s u l t  which i s  i n  accord  w ith  ex p erim en ta l f in d in g .
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CONCLUSION
The c a t a ly t i c  hy d ro g en a tio n  o f  4“P h en y lp en t-3 -en ~ 2 -o l 
h as heen c a r r ie d  o u t to  g ive  ( i )  a 50$? and ( i i )  a 57$? asymmetric 
s y n th e s is .
This r e s u l t  i s  ex p la in ed  by th e  su g g es tio n  th a t  
i n i t i a l l y  th e  u n sa tu ra te d  m olecule i s  adsorbed on th e  c a ta ly s t  i n  
a p la n a r  conform ation$ the  e x ac t mode of a d so rp tio n  b e in g  
c o n tro l le d  by th e  asymm etric c e n tre  a t  Cg? such th a t  one h e a v ily  
p re fe r re d  confo rm ation  i s  adso rb ed . A dsorp tion  i s  th en  fo llow ed  
by c i s - a d d i t io n  o f  hydrogen to  the  double bond from th e  s id e  
fa c in g  th e  c a t a l y s t .  h y d ro gena tion  th u s  r e s u l t s  i n  predom inan tly  
one s id ed  a d d i t io n  o f  hydrogen to  4-pbtenylpent~3~en-2~ol9 g iv in g  
r i s e  to  an asym m etric s y n th e s is .
The mechanism proposed i s  in  f u l l  agreem ent w ith  
p re se n t views of' c a t a l y t i c  hydrogenation* and p ro v id es  f u r th e r  
p ro o f o f  th e  v a l i d i t y  o f  th e se  v iew s.
The asym m etric hy d ro g en a tio n s  which have been 
in v e s t ig a te d  may be d iv id e d  in to  two groups* those  i n  which th e
■ v.
u n s a tu ra te d  lin k a g e  i s  s e p a ra te d  from th e  asym m etric c en tre  by 
a-CO-O-grouping* and th o se  i n  which i t  i s  d i r e c t l y  connected  to  i t .  
The m a jo r ity  o f  h y d ro g en a tio n s  a re  o f  th e  fo rm er type* and le a d  to  
low deg rees  o f asym m etric sy n th es is*  i n  g e n e ra l l e s s  th a n  20$.
Since i t  i s  suggested  th a t  th e  asymm etric c e n tre  c o n tro ls  the  
mode o f  hydrogenation  o f , th e  a lco h o l i t  m ight he ex p ec ted  th a t  
i n  th e  second group* where i t  i s  a d ja c e n t to  th e  r e a c t in g  cen tre*  
the  c o n tro l i t  e x e r ts  would he g r e a te r  and th a t  th e re fo re  th e  
degree o f asymm etric h yd rogenation  would he h ig h e r . The f i r s t  
hyd ro g en a tio n  o f t h i s  type* t h a t  o f  3 -e th y lh e p t-3 -e n -2 -o l  hy 
Arcus and Smyth (J .*  1955? 34) y ie ld e d  a 76$ asym m etric s y n th e s is .
A second s im ila r  hydrogenation* th a t  of 3~methyl~4“ p h e n y lh u t-3 -e n -
2 -o l hy Arcus e t  a l .  ( J . ,  I960* 1195)? gave a 21$ asym m etric 
sy n th es is*  w hile  a t h i r d  example* the  h yd rogenation  o f  4 -p h en y lp en t-
3 -e n -2 -o l re p o rte d  i n  the  p re s e n t Thesis* y ie ld e d  a 57$ asymm etric 
s y n th e s is .
Thus* a lth o u g h  only  a few hydrogenations of 
t h i s  type have so f a r  been c a r r ie d  out* th e  a v a ila b le  ev idence  
does indeed  in d ic a te  th a t  i n  g e n e ra l, when th e  asym m etric c e n tre  
i s  a d ja c e n t to  the  u n s a tu ra te d  cen tre*  a h ig h e r degree o f  asym m etric 
hy d ro g en a tio n  can be ex p ec ted .
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EXPERIMENTAL
P re p a ra tio n  o f  e th y l  brom oacetate
E th y l brom oacetate  was p repared  acco rd in g  to  Org. 
S y n th ., 23^ , 37* The y ie ld  was 825 g <-9 b .p .  155-156° - (O rg. Synth , 
r e p o r t  8 l8 g . ,  b .p .  154- 155°)*
P re p a ra tio n  o f  e th y l  6 -m ethylcinnam ate
C lean z in c  wool (65g«) was p laced  in  a  1L ., 3 neck, 
f l a s k  f i t t e d  w ith  two r e f lu x  condensers, a s t i r r e r ,  and a d ropping  
fu n n e l. F i f ty  m l. o f  a m ix tu re  o f acetophenone ( l2 0 g .) ,  e th y l  
brom oacetate  (l35g*)?  and benzene (200 m l.)  were added, and the 
s t i r r e r  s t a r t e d .  R eac tio n  was i n i t i a t e d  by warming on a s team -b a th , 
and a f t e r  removal o f  the  steam -bath  th e  rem ainder o f th e  m ix tu re  
added a t  such a r a t e  th a t  g e n tle  r e f lu x in g  was m a in ta in ed . A f te r  
th e  a d d it io n  was com pleted, the m ix tu re  was warmed u n der r e f lu x  f o r  
a  f u r th e r  h o u r, coo led , and hyd ro lysed  by a d d i t io n  to  ic e  co ld  3^ 
s u lp h u r ic  a c id  (500 m l .) .  The benzene la y e r  was se p a ra te d  o f f ,  the  
aqueous la y e r  e x tra c te d  w ith  benzene (3 x 100 ml.), and the  combined 
benzene s o lu t io n s  d r ie d  o v e r anhydrous magnesium su lp h a te .
The above benzene s o lu t io n ,  c o n ta in in g  crude
. A
h y d ro z y e s te r , was dehydra ted  to  g iv e  th e  u n sa tu ra te d  e s t e r  by re f lu x in g  
f o r  lg^-2 h r s .  w ith  phosphorus o sy ch lo rid e  (60 m l . ) .  The co ld  s o lu t io n  
was washed w ith  w a te r  (2 x 100 m l.) ,  th e  w ashings e x tra c te d  w ith
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■benzene ( l  x 50 m l.)?  an& th e  l a t t e r  washed w ith  w a te r ( l  x  25 m l . ) .  
The combined benzene s o lu tio n s  were d r ie d  over anhydrous magnesium 
su lphate*  benzene removed on a steam -bath* and th e  re s id u e  d i s t i l l e d  
a t  reduced  p re s su re  to  g ive  a pa le  ye llow  l iq u id -  In  a ll*  s ix  
se p a ra te  p re p a ra t io n s  were c a r r ie d  out a s  described* th e  r e s u l t s  o f 
which a re  ta b u la te d  below .
P rep . b .p . 25
n P
Y ie ld
1 152- 154°/20  mm. 1.5418 
n2°  1.5441
86g .
5$?o
2 148-150° / l 8 mm. 1.5420 85g*
5 6 ?o
3 150-152°/21 mm. 1.5410 79g*
52/o
4 13 8 -1 4 2 °/l4  mm. 1.5405 95g*
62^
5 14 2-145°/i6  mm. 1*5395 10 2g .
6lfo
6 136 -1 3 9 °/l2  mm* I . 54OO lOOg.
65fo
Y ie ld s  a re  based on e th y l  b ro m o aceta te .
(.Johnson and Kon r e p o r t  b .p .  14 2 -1 4 5 °/l6  mm*? 
n ^ * ^  1.5451* Heilmann and G lenatt*  B u ll .  Soc • ehim . France^ 1955? 
1589? r e p o r t  b .p .  128~131°/8‘5 mm*> n^  1*5453*)
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P re p a ra tio n  o f  g-m ethy lcinnam ic a c id
E th y l (3 -m ethyl cinnam ate (295S ’ ) was hyd ro ly sed  by 
h e a tin g  under r e f lu x  f o r  two hours w ith  5Ofo aqueous potassium  
hydroxide (150 m l .)  and e th y l a lc o h o l (900 m l. \  s u f f i c i e n t  a lc o h o l 
hav ing  been added to  produce a homogeneous s o lu t io n .  The 
h y d ro ly s is  p roduct was poured in to  w a ter ( lL ) ,  e x tra c te d  once w ith  
l i g h t  petro leum  ( b .p .  40- 60° , 200 m l.) ,a n d  a f t e r  rem oval o f  th e  
bu lk  o f  th e  a lco h o l by d i s t i l l a t i o n ,  coo led , and a c id i f ie d  w ith  
3N h y d ro c h lo ric  a c id .  A c id i f ic a t io n  produced an o i l ,  which on 
c h i l l i n g  p a r t i a l l y  s o l i d i f i e d .  The s o l id  was f i l t e r e d  o f f ,  and 
r e c r y s t a l l i s e d  from l ig h t  petro leum  ( b .p .  100- 120° )  to  g ive  
{3-m ethy l cinnam ic a c id  ( l l l g . ) m . p .  99- 100° .
The combined o i ly  cinnam ic a c id  re s id u e s  (85g*) 
were t r e a te d  w ith  a s u f f i c i e n t  ex cess  o f  c o n ce n tra te d  aqueous 
potassium  hydrox ide  to  g ive a  c le a r  s o lu t io n , and th e  m ix tu re  
re f lu x e d  f o r  one and a h a l f  hours* The p roduct was d i lu te d ,  
a c id i f i e d ,  and f i l t e r e d .  The brow nish s o l id  was r e c r y s t a l l i s e d  
from a m ix ture  o f  benzene and l i g h t  petro leum  ( b .p .  100- 120° )  and 
d e c o lo r iz e d  w ith  c h a rco a l to  g ive a f u r th e r  q u a n tity  o f the  a c id  
(44g„) m .p. 99-100°C.
A second h y d ro ly s is  o f  the  e th y l  e s t e r  ( 2 4 3 g .) 
y ie ld ed 'p -m e th y lc in n am ic  a c id  ( l 04g») m .p. 99- 100° .
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P re p a ra tio n  of  6-me th y 1cinnamoyl chlo r id e
|3-M etLylcinnamic ac id  ( l5 4 g « ) was warmed w ith  
th io n y l c h lo rid e  (l70gv) on a w a te r-b a th  fo r  one and a h a l f  h o u rs . 
The excess  th io n y l c h lo rid e  was removed under reduced  p re ssu re  
on a s team -b a th , and th e  re s id u e  d i s t i l l e d  a t  reduced  p re ssu re  
to  g iv e  a ye llo w  l iq u id  ( l6 lg . ,  94$) "b.p* 148°/22 mm.
A s im ila r  p re p a ra t io n  from the  a c id  (lO O g.) 
y ie  lded  (3-m eth y lc i nnamoy 1 c h lo rid e  (10 2g ., 90$ ) h . p . 150° / 25 mm. 
(Johnson and Kon r e p o r t  b«p„1327l8 mm.).
P re p a ra tio n  o f 4 -p h en y lp en t-3 -en -2 -o n e
M ethyl magnesium bromide was f i r s t  p rep ared  (Org. 
S y n th ., 38, 4 l )  "by the  a d d it io n  o f m ethyl bromide ( l7 5 s ° )? i n e th e r  
( lL ) ,  to  magnesium tu rn in g s  (41g*)s> suspended in  e th e r  (500 m l . ) .
The r e s u l t a n t  m ethyl magnesium bromide s o lu t io n  
was coo led , and anhydrous cadmium c h lo rid e  (173g« o f  app rox . 95$ 
anhydrous cadmium c h lo r id e )  added a t  such a r a te  th a t  g e n tle  
r e f lu x in g  was m ain ta in ed  (O rg. S y n th ., 28^ 7 6 )° A fte r  com pletion  
o f the  a d d it io n , the  m ix tu re  was s t i r r e d  and re f lu x e d  fo r  a f u r th e r  
h o u r . At th e  end o f  t h i s  p e rio d  a Gilman t e s t  was c a r r ie d  o u t to  
te s c  f o r  the  p resence of u n re a c te d  G rignard  re a g e n t. The t e s t  
proved n eg a tiv e  showing re a c t io n  to  be com plete. The e th e r  was 
th en  d i s t i l l e d  o f f  u n t i l  a dark  v isco u s  re s id u e  which alm ost 
p reven ted  s t i r r i n g  rem ained. Senzene (400 m l.)  was added, and 
d i s t i l l a t i o n  con tinued  u n t i l  a n o th e r  150 nil. had been c o l le c te d .
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A second q u a n tity  o f  benzene (500 m l.)  was added? and th e  m ix ture  
v ig o ro u s ly  s t i r r e d  to  b reak  up th e  cake i n  th e  f la s k -  A f te r  the  
d im ethy l cadmium s o lu t io n  had been h e a te d  to  b o ilin g ?  the  a c id  
c h lo r id e  (lOOg.)? i n  benzene (200 ml-)? was added a t  such a r a te  
th a t  g e n tle  r e f lu x in g  was m ain ta in ed - A fte r  a d d it io n  was completed? 
s t i r r i n g  and re f lu x in g  were co n tinued  f o r  a f u r th e r  h o u r.
The re a c t io n  m ix ture  was cooled? and decomposed by 
th e  a d d it io n  o f  ic e  (app rox . lOOOg.) fo llow ed  by excess 3N 
su lp h u ric  a c id .  The benzene la y e r  was ra n  o f f ,  and th e  low er 
aqueous la y e r  e x tra c te d  w ith  benzene (2  x 200 m l.) -  The combined 
benzene s o lu t io n s  were washed w ith  w a te r (300 m l.)?  5$ NagCO  ^
s o lu t io n  (300 m l.)?  w a te r (300 m l.)?  and s a tu r a te d  sodium c h lo r id e  
s o lu t io n  (150 m l.)?  and f i n a l l y  d r ie d  over anhydrous sodium s u lp h a te . 
The benzene was removed on a steam -bath? and th e  re s id u e  d i s t i l l e d  
a t  reduced  p re ssu re  to  g iv e  a ye llo w  o i l  ( 46g . )  b .p .  139- 141° /2 0  mm?
n ^  I . 5656? n ^  I . 5683 .
When the d i s t i l l a t e  was c h i l le d  ye llow  n e e d le - l ik e  
c r y s ta l s  s e p a ra te d  o u t. These were f i l t e r e d  o f f  from the  very  
v isco u s  y e llo w  o i l  i n  which they  were suspended? and r e c r y s t a l l i s e d  
from l ig h t  petro leum  ( b .p .60- 80° )  to  y ie ld  th e  ketone  as p a le  ye llow  
c r y s ta l s  (3 0 .5g»? 3 5^)m0P * 37*5-38.5° Founds C? 82.55?
C alc , f o r  Cu H120 s C?82.45? H?7.55$-
C onsiderab le  d i f f i c u l t y  was experien ced  in  th e  above 
p re p a ra t io n  because th e  heavy slu d g es  formed in  th e  course o f the
r e a c t io n  a t  tim es stopped the  s t i r r e r ?  and tow ards th e  end o f th e  
p re p a ra t io n  on ly  p e rm itte d  very  i n e f f i c i e n t  s t i r r i n g .  T herefore? 
i n  a second p re p a ra t io n  o f  th e  ke tone  a v e ry  pow erful s t i r r e r  was 
used so th a t  e f f i c i e n t  s t i r r i n g  was m ain ta ined  a t  a l l  tim es* The 
q u a n t i t ie s  o f re a g e n ts  used were a lso  m odified! m ethyl bromide 
( l7 5 g .)?  magnesium (4 2 »5g*)? cadmium c h lo r id e  ( l 8 l g . )  and (3-m ethyl- 
cinnam oyl c h lo r id e  ( l6 lg . ) «  E xperim enta l c o n d itio n s  were unchanged 
and the  f i n a l  p roduct was a ye llow  o i l  (90g«) "b.p. 12 7 -1 3 0 °/l2  mm, 9 
n ^  I . 5675? which c r y s t a l l i s e d  r a p id ly  on see d in g . The c r y s ta l l in e  
m a te r ia l  was removed hy f i l t r a t i o n ?  and r e c r y s t a l l i s e d  from l ig h t  
petro leum  (h .p .6 0 -8 0 ° )  to  g ive  the  k e to n e  ( 71g*? 5®$) ni<,p • 37"5-38*5°* 
Owing to  the  c lo se  s im i la r i ty  betw een th e  p repared  
k e to n e  and th e  iso m eric  3~m ethyl-4~Pkenyrbut-3~en-2-one a mixed 
m e ltin g  p o in t  was c a r r ie d  out w ith  an a u th e n t ic  sample o f  th e  l a t t e r .  
The m ix tu re  was found to  m elt im m ediately  th e  two sam ples were added 
to g e th e r?  in tim a te  m ixing be ing  u n n ecessa ry .
4 -P henylpen t-3-en~2-one sem icarbazone
The ke tone  (0 .2 C g .) was added to  a s o lu t io n  o f 
sem icarbazide  h y d ro ch lo rid e  (0 .2 0 g .)  and c r y s ta l l in e  sodium a c e ta te  
(0 .3 0 g .)  d is so lv e d  i n  th e  minimum q u a n tity  o f w ater? and a lco h o l 
added u n t i l  a  c l e a r  s o lu t io n  was o b ta in e d . The m ix ture  was h ea ted  
on a s team -bath  f o r  te n  m inutes? d i lu te d  w ith  w ater? cooled? and th e  
p roduct f i l t e r e d  o f f  and r e c r y s t a l l i s e d  from aqueous a lc o h o l .
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The semicarbazone (0 .2 5g*> 93$)  a f te r  one r e c r y s ta l l is a t io n  had 
m.p. 193 *5-194*5°? constant on fu rth er  r e c r y s ta l l is a t io n .  
4-Fhenylpent-3- e n -2-one-29 4-dinitrophenylhydrazone
Brady’s reagent (lO m l.)  was added to  the ketone  
(0 .1 0 g .) ,  the mixture warmed on a steam-bath fo r  f iv e  minutes,, 
allow ed to  stand over-n igh t, and the product f i l t e r e d  o f f .  The 
d er iv a tiv e  (0 . 15g «9 72/0 a f te r  one r e c r y s ta l l is a t io n  from methyl 
a lcoh o l had a constant m. p. 193.5-194° «> Founds 0,59*53 H,4»85? 
N ,1 6 .7 . C alc, fo r  IT s C ,60 .0 $ H,4*75l F ,l6 .4 5 $ *
O x id a tio n  o f  4-phenylpent~3~en-2-one w ith  sodium h y p o c h lo r ite  
The ke to n e  ( l .O g .)  was added to  a s o lu t io n  o f  
sodium hydroxide (3 « 0 g .)  and sodium h y p o c h lo r ite  (27 m l. o f 10$ 
s o lu t io n )  in  w a te r (73 m l . ) .  The m ix ture  was h e a te d  on a steam - 
b a th  f o r  20 m in ., re f lu x e d  (o v er a Bunsen) fo r  a f u r th e r  20 m in ., 
and su lp h u r d io x id e  bubbled th rough  f o r  th e  same le n g th  o f  tim e .
The crude a c id  was f i l t e r e d  o f f ,  washed w ith  w a te r , and a f t e r  two 
r e c r y s t a l l i s a t i o n s  from  l ig h t  petro leum  ( b .p .100-120°) had c o n s ta n t 
m .p . 99 -100°.
Admixture w ith  th e  p re v io u s ly  p rep ared  {3-methyl- 
cinnam ic a c id  produced no d e p re ss io n  i n  m .ps99-100°„
P re p a ra tio n  o f  4 -p b e n y lp e n t-3 -e n -2 -o l
Aluminium f o i l  ( lO g .)  was d is so lv e d  i n  iso p ro p y l 
a lco h o l (200 m l.)  by warming on a s team -bath  under r e f lu x ,  r e a c t io n
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"being i n i t i a t e d  "by a d d it io n  o f  a few c r y s ta l s  o f m ercu ric  c h lo r id e .  
The r e s u l t in g  g rey  s o lu t io n  was coo led  s l i g h t l y  and 4 -p b en y lp en t- 
3~en~2~one (2 6g . )  added. The m ix ture  was h e a te d  under r e f lu x  f o r  
one hour* and th en  th e  ace tone  allow ed to  d i s t i l  o f f  s lo w ly . When 
a l l  th e  ace tone  had "been removed? th e  rem ain ing  iso p ro p y l a lco h o l 
was d i s t i l l e d  o f f  under reduced  p re s s u re . The v isco u s  g rey  p roduct 
was cooled  and added to  an excess o f  31T su lp h u ric  a c id  and ic e  to  
g ive  the  a lc o h o l as a p a le  y e llow  s o l id .  The a lc o h o l was e th e r  
e x trac ted ?  washed w ith  3$ s u lp h u r ic  a c id  (2 x 100 m l.)?  fo llow ed 
by 2 N  sodium hydroxide (2 x 100 m l.)?  and f i n a l l y  w ith  w a ter u n t i l  
n e u t r a l .  The e th e r  s o lu tio n  was d r ie d  over anhydrous potassium  
c a rb o n a te , and th e  e th e r  removed by d i s t i l l a t i o n  on a s team -b a th .
The re s id u e  was r e c r y s t a l l i s e d  from l i g h t  petro leum  ( b .p .100-120°) 
to  g iv e  the  a lco h o l (l7g*s 65$) as a w hite c r y s ta l l in e  s o l id
m .p .6 3 -6 4 ° .
A second p re p a ra t io n  from the  ketone  (60g.)?  
Aluminium (23g»)? and iso p ro p y l a lco h o l (450 m l.)?  y ie ld e d  the  
a lco h o l (37g.? 61$) w ith  m .p .63-64°.
The two b a tch e s  were combined and r e c r y s t a l l i s e d  
a g a in  from l i g h t  petro leum  ( b .p .100-120°) to  g iv e  a s in g le  s to ck  
m .p .63-64°? n ^  1.5521 (s u p e r-c o o le d ) . Founds C,8l*5» H,8.85*
C11H14° r e Q.u i re s  0*81*45? H ?8.70$.
A ttem pts to  vapour, phase chrom atograph the a lco h o l
r •ynrirMa~iniMynrii~tiii,t7^tifw*tfgttrtfvw.in,TrmMnirvMij-'',,w»f»’-‘*->ci:»r»,‘«,“t-a^r't»««i> 11 imi«iiuiuu»mwytani«wiiinnnnii.uuuucM«iuiwi
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V apour-phase chromatogram o f 
4--phenylpent-3-en-2--ol
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were u n su cc e ss fu l owing to  i t s  decom position  on the  column*
Fig* I* (see  d is c u s s io n  page 55 )• 
l-M e th y l-3 -p h en y lb u t-2 -en y l If-ct^-naphthy 1 carbam ate
4 -fh e n y lp e n t-3 -e n -2 -o l (l.C O g .) was h ea ted  w ith  
1 -iso cy an a to n ap h th a len e  (Q .95g») op a steam -bath  f o r  one h o u r.
The p roduct was d is so lv e d  i n  l i g h t  petro leum  ( b .p .100-120°), and 
in s o lu b le  d i-a -n a p h th y l u re a  (0 .1 7 g « ) f i l t e r e d  o f f .  A fte r  th re e  
r e c r y s t a l l i s a t i o n s  from l i g h t  petro leum  ( b .p .100-120°) th e
-naph thy lcarbam ate  (0.'77g«) had c o n s ta n t m .p .96-97°» Founds
C?79»4? H?6.15? 1ST,4.35* C22H21°2:W r e -^u i r e s  c ^79.7l H?6.4* 3M -25
l-M e th y l-3 -p h e n y lb u t-2 -en y l N -4-d iphenyly lcarbam ate
4 -F h en y lp en t~ 3 -en -2 -o l (0 . 90g . )  was h ea ted  w ith  
4 -iso cy an a to d ip h en y l (l.O O g .) on a s team -bath  fo r  one h o u r. The 
p roduct was d is so lv e d  in  l i g h t  petro leum  ( t  . p .100-120°) ? and 
in s o lu b le  d i-4 -d ip h e n y ly l u re a  ( 0 . l 8 g . )  f i l t e r e d  o f f .  A f te r  two 
r e c r y s t a l l i s a t i o n s  from l i g h t  petro leum  ( b .p .100-120°) th e  
K -4 -d ipheny ly l carbam ate ( l .0 3 g . )  had c o n s ta n t m .p » ll6 .5 -H 7 °«  
Founds C?80.1§ H ,6 -7 °9 U ,4 .1 . C24H23°2N reclu i r e s  c ?8 o -65$ H?6.5$ 
tt,3 -9
P re p a ra tio n  o f  Raney N ickel W-3
Sodium hydrox ide ( l2 8 g .)  was d is so lv e d  i n  w a te r 
(500 m l.)  i n  a 2 - l i t r e  c o n ic a l f l a s k  f i t t e d  w ith  a therm om eter and 
a  H ershberg -type  s t i r r e r .  The f la s k  was p laced  i n  a  b a th  o f  co ld
runn ing  w a te r , and when th e  tem pera tu re  had f a l l e n  to  50° h i-A l
a llo y  ( 50- 50$? 100g .) added i n  Ig .  p o rtio n s., o v e r a p e rio d  o f  one
hour? to  th e  v ig o ro u s ly  s t i r r e d  solutions; the  r a t e  o f  a d d i t io n
+ o"being c o n tro l le d  so th a t  th e  tem p era tu re  was m ain ta ined  a t  50-2  . 
Sudden ru sh es  o f foam fo llo w in g  a d d it io n  o f  p o r tio n s  o f  th e  a l lo y  
were c o lla p se d  by adding  a few drops of e th y l  a lc o h o l . When a l l  
the  a l lo y  had been added., the s o lu t io n  was s t i r r e d  a t  50° f o r  a 
f u r th e r  50 minutes., g e n tle  warming on a w a te r-b a th  b e in g  n e ce ssa ry . 
Follow ing t h i s  th e  c a ta ly s t  was washed 5 tim es by d e c a n ta tio n  w ith  
w ater and t r a n s f e r r e d  to  a  1 - l i t r e  g rad u a ted  c y l in d e r .
The c a ta ly s t  was v ig o ro u s ly  s t i r r e d  w ith  a paddle 
s t i r r e r ,  and f u r th e r  washed by siphon ing  th rough  w a te r  (15 l i t r e s )  
by means o f  an o f f - s e t  i n l e t  tube opening a t  the  base o f  th e  
c y l in d e r .  The c a ta ly s t  was allow ed to  s e t t l e ,  and the  w a te r 
d ecan ted . The c a ta ly s t ,  a f t e r  t r a n s f e r  to  a c o n ic a l f l a s k ,  was 
washed by d e c a n ta tio n  w ith  96$ e th y l  a lco h o l (3 x 150 m l .) ,  
fo llow ed  by .29$ e th y l  a lc o h o l (3 x 150 m l .) ,  and f i n a l l y  s to re d  
under 99$ e th y l  a lc o h o l . 
hy d ro g en a tio n  o f  4 -p h e n y lp e n t-3 -e n -2 -o l I
4 -B ieny lp9n t-3~ en-2~ o l ( l5 « 0 0 g .)  was d is so lv e d  i n  
e th y l  a lco h o l (99$? 75 m l.)  and hydrogenated  over Haney n ic k e l 
W-3 (about l g . )  s -
78
Time Temp
°C
P ressu re
atm.
Remarks
11.00 14 100 System f lu sh e d  tw ice w ith  
hydrogen (50 a tm .) and f i l l e d  
to  100 atm .
11.40 14 100 S c i r r e r  and h e a te r  sw itched  
on.
11.45 14' 99
Imm ediate p re ssu re  f a l l  to  
99 atm . when s t i r r e r  s t a r t e d .
12.15 44 . 107 H eate r sw itched  o f f .
12.35 52 107 Maximum temp, and p re s su re .
15.55 34 100
17 -05 32 100
20.30 21 97 P ressu re  r e le a s e d .
The e th a n o l ic  s o lu t io n  from th e  h yd rogenation  was f i l t e r e d  to  
remove th e  Raney n ic k e l c a t a ly s t ,  th e  e th a n o l removed on a steam -
bath. <, and th e  re s id u e  d i s t i l l e d  a t  reduced p ressu re*
'T action  I  h .p . H 8 -1 1 9 ° /l0 .5  mm. n 2|  1.5090 0 .77g
I I 119- 120° / l 0 .5  mm. 1.5100 ll» 5 7 g
I I I 120- 121° / l 0 .5  mm. 1.5100 l*53g
Residue -  v isc o u s , y e llo w 1.5190 0 .7 1 s
F ra c tio n  I I  was r e d i s t i l l e d *
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F ra c tio n  IV Id.p . I l 8 ° / l 0 .5  nun. 1.5098  1 .01 g .
V I l8 - 1 1 9 ° / l0 .5  mm. I . 5IOI 6 .0 2 g .
VI 1 1 9 -1 2 0 ° /l0 .5  mm. I . 5IOO 3-94g*
R esidue I .5096 0»42g.
Fraction  V. Founds C979*8§ H ,9.75° C alc, for C-^H^Os C980.45? 
H ,9 .8 $ .
F ra c t io n  V was- su b je c te d  to  vapour-phase chroma­
tography  (F ig . 2 ) which showed th e re  to  he two d ia s te re o is o m e r ic  
racem ates p re se n t and in d ic a t in g  a O^fo asym m etric s y n th e s is .
F ra c tio n s  I  and I I I  were a lso  chrom atographed, 
in d ic a t in g  asym m etric sy n th eses  o f  43$  and 53$ r e s p e c t iv e ly .
(F ig . 3 ) .  See a lso  d is c u s s io n  page 57 
O x id a tio n  o f 4~Phenylpentan~2-ol I
4-P h en y lp en tan -2- o l  (9 *06g . )  was d is so lv e d  i n  
g la c i a l  a c e t ic  a c id  (30 m l.)  and h ea ted  w ith  s t i r r i n g  i n  an o i l  
h a th  a t  80°. F re sh ly  powdered chromium t r io x id e  (6 .5 5 s* ) 
suspended i n  g l a c i a l  a c e t ic  a c id  (40  m l .)  was added p o rtio n w ise  
d u rin g  15 m inu tes , and th e  r e s u l t a n t  g reen  s o lu t io n  k e p t s t i r r e d  
a t  80° f o r  a f u r th e r  15 m in u te s . The s o lu t io n  was co o led , poured 
in to  w a te r  (100 m l.) ,  and e x tr a c te d  w ith  l ig h t  petro leum  (h .p .4 0 -6 0 ° , 
2 x 50 m l . ) .  The combined petro leum  e x t r a c ts  were v/ashed w ith  a 
s a tu r a te d  s o lu t io n  o f sodium b ic a rb o n a te  (3 x  50 m l . ) ,  fo llow ed  by 
w a te r (4  x 50 m l . ) ,  and d r ie d  o v er anhydrous magnesium s u lp h a te .
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V apour-phase chromatogram o f
4 -p h e n y lp e n tan ~ 2 -p l.
( F ra c tio n  V )
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chromatograms of 
4 -p h e n y lp e n tan -2 ^ o l
R atio  A*:B
CO
F ra c tio n  I I I
CO■CO
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■The l i g h t  petro leum  was removed on a steam -bath  and th e  r e s id u a l  
o i l  ( 6 . 66g .? n ^  1 *5045) d i s t i l l e d  a t  reduced  p re s s u re .
F ra c t io n  I  h .p .  1 1 3 ° /l2  mm. 1*5047 0.47g»
I I  1 1 3 -115°/l2  mm, I .5047 4 *08g .
I l l  115-116C/ l 2  mm. I .5044  l-5 8 g .
R esidue 1*5043 »35g*
F ra c tio n  I I  was r e d i s t i l l e d .
F ra c t io n  IV h .p .  I l 6 ° / l 4  mm. n ^  I .5050 0.47g*
V 116-117°/14 nun, n2^  1.5048  2-14g-
15 1.5091
D
VI 1 1 7 « ll8 ° / l4  mm. n 5^ 1-5047 ■ 1 .26g .
Residue 25 n r-n/1r-r.£ 1.5045
F ra c tio n  V. Founds C?8 l.555  H98»45° C a lc . . f o r  C-qH-^Os C ,81.455 
H ,8 . 7^0
V apour-phase chrom atography showed f r a c t i o n  V to  
c o n s is t  v e ry  la rg e ly  o f  a  s in g le  component (about 9 9 *5$ )  w ith  a 
sm all q u a n tity  o f  a second component (abou t 0 .5 $ ) .  (F ig . 4 ) 
4-B ie n y l~ p e n tan -2~one sem icarbazone
4-P h en y lp en tan -2-one (0 . 2O g .) was added to  serni- 
carb az id e  h y d ro ch lo rid e  (0 . 20g«) and c r y s ta l l in e  sodium a c e ta te  
( 0 .3 0 g .) d is so lv e d  in  the minimum q u a n tity  o f w a te r . E th y l 
a lco h o l was added dropwil.se u n t i l  a  c le a r  s o lu t io n  was o b ta in e d  and 
the  m ix tu re  warmed on a s team -bath  f o r  te n  m in u tes . On c o o lin g ,
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th e  sem icarbazone c r y s t a l l i s e d  ou t and a f t e r  two r e c r y s t a l l i s a t i o n s  
from aqueous e th y l a lco h o l i t  (0 . 19g . )  had c o n s ta n t m .p . 140- 141°* 
Founds U ,1 8 .8 . Calc* fo r  IT, 19*15$•
H ydrogenation o f  4 -H ie n y lp e n t-3 -e n -2 -o l I I
4“H ien y lp en t-3- e n - 2- o l  ( l 5 °00g 0  was d is so lv e d  in  
e th y l a lc o h o l ( 9 9 7 5  m l.)  and hydrogenated  over Raney n ic k e l W-3 
(abou t l g . ) under c o n d itio n s  a s  c lo se  a s  p o s s ib le  to  th o se  used f o r  
the  f i r s t  h y d ro g en a tio n .
Time Temp
oc
P ressu re
atm.
Remarks
11.00 14 100 System flu sh e d  tw ice w ith  
hydrogen (50 a tm .) .
11.30 14 100 S t i r r e r  and h e a te r  sw itched  
on *
11.35 14 99 Imm ediate p re s su re  f a l l  to  
99 atm . when s t i r r e r  s t a r t e d
12.10 45 105 H ea te r sw itched  o f f  •
12.25 52 106 Maximum tem p, and p re s su re .
15.55 37 102
17.00 34 101
19.00 27 99 P ressu re  r e le a s e d >
The h y d ro g en a tio n  p ro d u c t was f i l t e r e d  to  remove 
Raney n ic k e l? th e  e th a n o l removed on a s team -b a th 5 and th e  re s id u e  
d i s t i l l e d  a t  reduced p re s s u re .
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F ra c tio n  I  h .p . H 7 ° /9 -5  mm. 25nx D 1.5098 l .0 9 g .
I I U 7 - l l8 ° /9 * 5  mm. 1.5106 8 .08g .
I I I 118-119°/9«5  mm. 1.5107 2 .7 8g .
Residue 1.5129 2 .3 0 g .
F ra c tio n s  I I  and I I I were combined and r e d i s t i l l e d .
F ra c tio n  IV h .p . 115°/9 mm. 25n D 1.5097 0 . 60g .
V 1 1 5 - ll6 ° /9  mm. 1.5102 5-71g .
0 VI ll6 -1 1 7 ° /9  mm. 1.5106 3 . 27g*
Residue lo 5109 O.94g .
A vapour-phase chromatogram of f r a c t io n  V ( f i g .  5)
in d ic a te d  a 57«0$ asymm etric s y n th e s is .
O x id a tio n  o f  4 -pheny lpen tan -2~ o l I I
4 -P h en y lp en tan -2 -o l (5*45g*) was d is so lv e d  i n  g l a c i a l  
a c e t ic  a c id  (20 m l . )  and o x id ise d  w ith  f r e s h ly  powdered chromium 
t r io x id e  (3 .94g»)  suspended i n  g l a c i a l  a c e t ic  a c id  (30 m l . ) ? u s in g  
c o n d itio n s  id e n t i c a l  to  th o se  p re v io u s ly  d e sc r ib e d  (Page 79 )
Ihe crude 4-pbenylpentan-2~one was d i s t i l l e d  a t  reduced p re ssu re  
to- g iv e  th re e  f r a c t io n s .
o o
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■Vapour-phase chromatogram of 
4”p h en y lp en tan -2- o l
( F ra c tio n  V )
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F ra c tio n  X b.p., I l 6 ° / l 4  mm. I . 505O 0 .3 0 g .
I I  H 6 - l l 8 ° / l 4  nun. 1.5048  3 . 26g .
I l l  I l8 -1 1 9 ° / l4  mm. I . 5043 0 .45s*
Residue I . 504I  0.33g*
F ra c tio n  I I  was r e d i s t i l l e d .
f r a c t io n  IV Id.p. 116-117° / l 5  mm. n ^  1*5045 0.79g»
V 1 1 7 - l l8 ° / l5  mm. 1.5047 l*43g*
VI I l 8 ° / l 5  mm. I .5044  0 .6 3 g .
R esidue 1.5043 0 .3 3 g .
Vapour-phase chrom atography showed f r a c t io n  V to  
he a s in g le  e n t i t y  c o n ta in in g  a tra c e  o f low "boiling im p u rity  too 
low in  q u a n tity  to  he e s tim a te d . (F ig . 6)
PMT 2
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DISCUSSION
(+ ) -  g -P in en e .
a -P in e n e  occurs  w idely  i n  N a tu re , and i s  found in
many o f  th e  e s s e n t i a l  o i l s  d e riv ed  from th e  C o n ife rae  . I t  e x i s t s
in  h o th  la e v o -  and d e x tro - r o ta to r y  forms* the  s ig n  of r o ta t io n  and
degree o f  o p t ic a l  p u r i ty  depending on th e  source from v\rhich i t  i s
d e r iv e d .
(+ ) -a~Pinene o f h igh  o p t ic a l  p u r i ty  may he r e a d i ly  
o b ta in ed  from Aleppo Pine (P inus h a l ip e n s i s ) .  Veze’ s (B u ll . Soc. 
chim. Prance* 1909? 932) reco rd s  f o r  a -p in e n e  from th i s  source
h .p .l5 5 -1 5 6 °*  n ^  1.4634? d ^  O.854? and [ a ]^+48«4°? Chiurdoglu*
Decot* and Mme Van L an ck er-P ran co tte  (B u ll .  Soc. chim . b e ig e s , 1954? 
63, 7 0 ) r e p o r t  n ^  I . 466I ,  d ^  0.859? and [  a ] ^ + 4 8 .0 ° .
The view  th a t  (+ ) -  a -p in e n e  o b ta in ed  from Aleppo 
Pine i s  o f h igh  o p t ic a l  p u r i ty  i s  su pported  by the  work o f  Thurber 
and T h ie lke  ( j . Amer. Chem. Soc.* 1931* 52.? 1030) who o b ta in ed  
(+ )-  and ( - ) -  a -p in e n e  o f  h ig h  p u r i ty  by decom position o f  th e  pure 
o p t ic a l ly  a c t iv e  pinene n i t r o s o c h lo r id e s .  They reco rd  f o r  
( + ) - a -p in e n e  n ^  1*4663* d ^  0.859* and [ a ]  ^  +51«-14°*
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The (+ ) -  a  -p in en e  o b ta in ed  i n  th e  p re se n t work
p r  2q gC
from Pinus h a l ip e n s is  had n ^  1.4636* I . 466I ,  d ^  0 .8 56 ,
d ^  0.859s [ct-] ^  +47 «78°j and b .p .1560 . These v a lu e s  a re  i n
good agreem ent w ith  those  quoted above* and in d ic a te  a h igh  degree 
o f p u r i t y .
A lthougha  -p in en e  c o n ta in s  two asym m etric carbon  
atoms* and can th e re fo re  t h e o r e t i c a l ly  g ive  r i s e  to  two p a i r s  o f  
enantiom ers* i t  does i n  f a c t  e x i s t  i n  on ly  one (+ ) -  and one ( - ) -  
form . T his i s  because i t  c o n ta in s  a four-membered b rid g e  r in g  
which n e c e s s i ta te s ,  f o r  s t a b i l i t y  o f  th e  m olecu le , a  c ijs-arrangem ent 
o f  th e  iso p ro p y lid e n e  b rid g e  group about th e  cyclohexene r in g  
(P ig . A ).
A. a  -p in en e
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For a second (+ ) -  and a second ( - ) -  form o f 
a -p in e n e  to  e x i s t ,  the  b rid g e  group would bave to  be connected 
t r a n s - a c ro ss  th e  six-membered r i n g 5 an arrangem ent which would 
in v o lv e  a degree of s t r a i n  incom patib le  w ith  a s ta b le  s t r u c tu r e .
Thus a -p in e n e  can e x i s t  i n  on ly  one (+ ) -  and 
one ( - ) -  form, and acco rd in g  to  Fredga and M ie ttin en  (A cta Chem. 
Scand ., 1947? i?  371°)? who have r e l a t e d  th e  s t e r i c  c o n f ig u ra tio n  
o f (+ ) -  a -p in e n e  to  th a t  o f (+ ) -g ly ce ra ld e h y d e , the  (+ ) -  form 
must have th e  c o n f ig u ra t io n  shown i n  F ig . A.
In  F ig . A th e  cyclohexene r in g  i s  co n sid e red  
to  l i e  s u b s ta n t ia l ly  in  the  p lane  o f th e  paper, w ith  th e  i s o -  
p ropy lidene  b rid g e  p o in tin g  ou tw ards.
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The c a t a ly t i c  h y d ro g en a tio n  o f ( + ) - a - p in e n e »
A d d itio n  o f hydrogen to  (+ ) -  a -p in e n e  ( i )  can 
th e o r e t i c a l ly  g ive  r i s e  to  two d ia s te re o is o m e ric  forms of p in an es 
c i s - pinane ( l l ) ? and tra n s -p in a n e  ( i l l ) .
I l l
\v
CH
H- / y
0-
CH,
tra n s -p in a n e
(+ ) -  a -p in e n e
I I
CH,
c rs -p in a n e
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Each pinane i s  o b ta in ed  by a d d it io n  of hydrogen 
to  a d i f f e r e n t  s id e  o f  th e  pinene m o lecu le .
C is -pinane ( i i ) i s  o b ta in ed  by a d d it io n  o f 
hydrogen to  I  from below th e  p lane of th e  p ap e r, i . e .  to  th e  
s id e  o f  th e  m olecule fa c in g  away from the  iso p ro p y lid e n e  b r id g e , 
w hile  t r a n s - pinane ( i l l )  i s  o b ta in ed  by a d d i t io n  o f  hydrogen to  
the o p p o site  s id e  o f  I ,  i . e .  by a d d i t io n  o f  hydrogen from above 
the  p lane  o f th e  p ap e r .
Both c i s -  and t r a n s-p in a n es  a re  known, b u t w hile th e  
p h y s ic a l p ro p e r t ie s  o f c is -p in a n e  a re  w e ll e s ta b l is h e d ,  th o se  o f 
t ra n s -p in a n e  a re  s t i l l  i n  doubt.
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c is-p in an e Lipp ^
( 2 )
F is h e r  v ' C hiurdoglu  ^ (4 )Schmidt v^ '
20
n D 1.4624 I .4624 1.4628
a ?4 0.857
0.857 O.857
a254 0.853
[ c3d +23.08° -2 3 .2 ° + 2 3 .H ° a t  20°
b .p . 1 6 3 -4 %  20mm I 690 167-168°
From a -p in e n e
C a] -q+47*5°
{3 -p in en e  
[ a ] D-2 1 .3 °
a -p in e n e  
[ a ]  15+48.0
c i s -6  -p in e n e
tran s-p in an e
n1 7 ' 5 n D 1.4595
20
n D 1.4619
I .4608 I . 46I 8
d17-5
4
O.852
4
O.854 O.856
4
0 .852
P»
5?i_i - 1 6 .1 ° -1 8 .1 ° a t  30° + I8 .1 ° a t  20° +23.83°
t n p / 162-1/7 20mm 162.5-164° 165- I 66 . 50
From a  -p in en e  
[ a ] D-3 8 .0 8
0 -p in en e  
[ a ] D-2 1 .3 °
a  -p in en e  
[ a ]  ^ + 4 8 .0 °
t r a n s - 6  -p in en e
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(1 ) L ipp, B e r .,  1923? 56  ^ 2098.
( 2 ) F is h e r ,  S tin so n  and G o ld b la tt ,  «T. Amer. Chem. Soc*, 1953? 75?
3675.
(3 ) C hiurdoglu , Decot and Mme. Van L a n ck er-F ran co tte , B u ll .  Soc. 
chim. b e ig e s , 1954? 63j  70 .
(4 ) Schm idt, B e r ., 1947? §0, 520.
The p h y s ic a l p ro p e r t ie s  o f  c i s - pinane can he 
co n sid ered  to  he reaso n ab ly  a c c u ra te  s in ce  a number o f w orkers have 
o b ta in ed  v a lu e s  i n  good agreem ent w ith  one a n o th e r . However, the  
v a lu e s  f o r  t r a n s - pinane a re  c o n s id e ra b ly  le s s  r e l i a b l e ,  s in c e  i t  i s  
u n lik e ly  th a t  any o f the  sam ples o f  t r a n s - p inane were in  f a c t  p u re .
Schm idt’ s t r a n s - pinane was undoubtedly  impure as 
i t  was o b ta in ed  from t r a n s - 6 -p in en e  which he knew to  be im pure.
The same i s  t r u e  of b is  c i s - pinane which he o b ta in ed  from c i s - 6 -  
p in e n e .
L ipp ’ s t r a n s - pinane was o b ta in e d  by a S a b a t ie r -  
Senderens re d u c tio n  o f  a -p in e n e  w ith  a n ic k e l c a ta ly s t  a t  220-230°. 
Under th e se  c o n d itio n s  i t  i s  p o ss ib le  t h a t  some p-m enthanes were 
a lso  form ed, and th e se  would no t be se p a ra te d  from th e  t r a n s - pinane 
by d i s t i l l a t i o n .
F is h e r  (p r iv a te  com m unication) s t a t e s  th a t  i t  i s  
u n lik e ly  t h a t  th e  t r a n s - pinane he and h i s  co-w orkers o b ta in e d  was 
a c tu a l ly  p u re , and th a t  i t  p robab ly  co n ta in ed  sm all amounts o f  c i s -  
pinane and th e  p -m en thanes, a l l  o f which b o i l  a t  about th e  same 
te m p e ra tu re . He a lso  s t a t e s  th a t  h is  own ex p erien ce  i n  t r y in g  to
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se p a ra te  th e  two p in an es , u s in g  a 100 p la te  P o d b ie ln iak  column a t  
20 mm., would su g g est th e  b o i l in g  p o in ts  a re  c lo s e r  to g e th e r  th an  
those  re p o r te d  by C hiurdoglu  e t  a l . ,  who re p o r t  th e  s e p a ra t io n  o f 
c is> and t r a n s - p inanes by d i s t i l l a t i o n  th rough  a 30 .p la te  column a t  
a tm ospheric  p re s s u re . The b o i l in g  p o in ts  o f  c i s -  and t r a n s - p inanes 
re p o r te d  by L ipp, and by Schm idt, su p p o rt U s h e r 's  view .
In  c o n c lu s io n  i t  may be s a id  t h a t  w h ile  the  p h y s ica l 
p ro p e r t ie s  o f  c i s - pinane a re  w e ll e s ta b l is h e d  those  o f  t r a n s - pinane 
a re  much le s s  r e l i a b l e ,  and one can  on ly  say w ith  c e r ta in ty  th a t  
th e  t r a n s - isom er i s  low er b o i l in g ,  and has low er r e f r a c t iv e  index? 
d e n s ity , and o p t ic a l  r o ta t io n  th an  th e  c i s - iso m er.
I n  the  p re se n t in v e s t ig a t io n  a sample o f  (+ ) -  a -p in e n e  
was hydrogenated  over a Haney n ic k e l W-3 c a ta ly s t  a t  a  maximum 
tem p eratu re  o f 107°? and a maximum p re s su re  o f  103 atm ospheres, to  
y ie ld  a p roduct having  th e  fo llo w in g  p h y s ic a l p ro p e r t ie s  f o r  the
main f ra c t io n ?  b .p .  166-167°? n ^ l .4 ^ 0 2 ,  n ^ l . 4626, d^O .854?
20 25 od ^  0.857? [&] ^+23 -02 . These v a lu e s  a re  i n  v e ry  good agreem ent
w ith  th o se  quoted in  th e  above ta b le  f o r  c i s - p inane , and in d ic a te
th a t  h y d ro g en a tio n  h a s  y ie ld e d  a lm ost e x c lu s iv e ly  the  c i s - iso m er.
This was v e r i f i e d  by vapour-phase chrom atography. A chromatogram
having  a s in g le  sh arp  m ajor peak w ith  a sh o u ld e r on th e  more
v o l a t i l e  s id e  was o b ta in e d . There were a lso  two sm all lo w -b o ilin g
im p u r i t ie s  p re se n t t o t a l l i n g  le s s  th an  1$ o f th e  specim en. I t
appears reaso n ab le  to  a s c r ib e  th e  main peak to  c i s - p in an e , and the
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sh o u ld e r to  an isomer? presum ably t r a n s - p inane, e s tim a te d  to  form 
ifo o f  th e  specim en.
Although th e  b o i l in g  p o in t o f t r a n s - pinane i s  on ly  
s l i g h t l y  low er th a n  th a t  o f  c i s - p inane , i t  i s  p o s s ib le  t h a t  some 
s e p a ra tio n  o f  th e  isom ers has been ach ieved  by d i s t i l l a t i o n ?  and 
th a t  th e re fo re  th e  r a t i o  o f  c i s -  to  t r a n s - pinane found f o r  th e  main 
f r a c t io n  i s  no t th e  same as th a t  f o r  th e  h y d ro genation  as  a w hole. 
This p o s s ib i l i t y  was examined by su b m ittin g  to  vapour-phase 
chrom atography the  im m ediately  p reced in g  f r a c t io n  to  the  main 
f ra c t io n ?  which should  c o n ta in  a la r g e r  p ro p o r tio n  o f  t r a n s - pinane 
i f  any s e p a ra t io n  has o c cu rred . The p h y s ic a l p ro p e r t ie s  o f  t h i s  
f r a c t i o n  were v e ry  c lo se  to  those  o f  the  main f r a c t io n  (see  
exp erim en ta l r e s u l t s  page 106 ) ,
The chromatograms o f the  two f r a c t io n s  were 
v i r t u a l l y  id e n t ic a l?  whence d i s t i l l a t i o n  has not r e s u l te d  in  
a p p re c ia b le  s e p a ra t io n  o f  th e  c i s -  and t ra n s - iso m e rs . I t  can 
th e re fo re  be s ta te d  w ith  rea so n a b le  c e r ta in ty  th a t  h y d ro g en a tio n  
has produced overw helm ingly c i s - pinane w ith  only a t r a c e  o f  t r a n s -  
pinane (about 1 $ ) . T his means th a t  alm ost e x c lu s iv e ly  o n e -s id ed  
a d d it io n  o f hydrogen has tak en  p lace  to  a -p in e n e ?  and f o r  c i s -  
p inane to  be th e  p roduct t h i s  a d d it io n  must have tak en  p lace  to  
the  s id e  o f  th e  p inene m olecule fa c in g  away from th e  iso p ro p y lid e n e  
b r id g e . Thus s -
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CH.
CH.
CH.
CH.
(+ )~ a  -p inene
(+ )-c is -p in a n e
T h e o re t ic a l ly 9 h yd rogenation  o f a - p in e n e  would he 
expected  to  proceed  p r e f e r e n t i a l ly  th rough th e  a d so rp tio n  confo rm ation  
which p re s e n ts  th e  douhle-hond most c lo se ly  to  a p la n e . E xam ination 
o f  a  -p in en e  shows th a t  owing to  th e  h in d e rin g  e f f e c t  o f  the  is o p ro -  
p y lid en e  b rid g e  th e re  i s  on ly  one a d so rp tio n  conform ation  i n  which 
the  double bond can be p re sen te d  i n  a p la n a r  con fo rm ation  to  th e  
c a ta ly s t ,  i . e .  th a t  hav ing  th e  iso p ro p y lid e n e  b r id g e  remote from th e  
s u r fa c e .  A dso rp tio n  o f  th e  pinene m olecule i n  t h i s  favoured  
conform ation , fo llow ed  by c i s - a d d it io n  o f  hydrogen to  th e  s id e  o f
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th e  m olecule fa c in g  th e  c a ta ly s t  w i l l  produce c i s - p in an e? a r e s u l t  
in  accordance w ith  ex perim en ta l f in d in g 1.
The p u r i f i c a t io n  o f  -p in sn e  hy p ro g re ss iv e  f r e e z in g .
The p u r i f i c a t io n  o f  m eta ls  hy zone r e f in in g  te ch n iq u es  
i s  a w e ll e s ta b l is h e d  m e ta l lu rg ic a l  p ro c e ss . The method c o n s is ts  
o f  cau s in g  a narrow  m olten zone to  tra v e r s e  a s o l id  b a r  o f  the  
m e ta l. I n  g en e ra l the im p u r i t ie s  become co n ce n tra te d  i n  the  
m olten  zone and a re  moved tow ards th e  t a i l  o f th e  bar? i . e .  i n  
th e  d i r e c t io n  o f  zone movement. Zoning may be re p e a te d  a s  many 
tim es as  i s  n ecessa ry  to  a t t a i n  th e  re q u ire d  degree o f  p u rity ?  and 
the  impure end o f  th e  b a r  d is c a rd e d .
A lthough zone r e f in in g  was o r ig in a l ly  developed fo r  
the p re p a ra t io n  o f  m e ta ls  o f  very  h igh  p u rity ?  i t  can a lso  be used  
fo r  th e  p u r i f i c a t io n  o f  o rg an ic  compounds? f o r  the method i s  
a p p lic a b le  to  any c r y s t a l l i n e  substance  th a t  e x h ib i ts  a d if f e re n c e  
i n  so lu b le  im p u rity  c o n c e n tra tio n  i n  the  l iq u id  and s o l id  s t a t e s  
a t  th e  p o in t o f s o l i d i f i c a t i o n .  The degree o f  su ccess  th a t  can 
be ach ieved  depends on the  d if f e r e n c e  between th e  s o lu b i l i t y  o f 
the  im p u rity  i n  th e  l iq u id  and s o l id  phases? th e  l a r g e r  i s  t h i s  
d if f e re n c e  th e  g r e a te r  i s  th e  chance o f  zone p u r i f i c a t io n .  S ince 
im p u r i t ie s  u s u a lly  low er th e  m e ltin g  p o in t o f  th e  m a te r ia l  i n  which 
they  a re  d isso lv ed ?  th ey  g e n e ra lly  become co n ce n tra te d  i n  th e  m olten  
zone. Im p u r i t ie s  t h a t  tend  to  r a is e  th e  m e ltin g  p o in t o f  th e  
s o lv e n t , such as i s  th e  case w ith  some a llo y s?  a re  s u b je c t  to  a
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re v e rse  and much l e s s  e f f i c i e n t  p rocess?  th e  moving m olten  zone 
becoming p ro g re s s iv e ly  p u re r .
A p p lic a tio n s  of zone m e ltin g  to  the  p u r i f i c a t i o n  
o f o rg an ic  compounds, which a re  s o l id s  a t  normal tem peratu res?  have 
been re p o r te d  by a number o f workers* Thus? Herington? Handley 
and Cook (Chem. and I n d *? 1956? 292)? u s in g  a zoning method alm ost 
id e n t i c a l  to  th a t  p re v io u s ly  m entioned f o r  m etals? have reduced  the  
c o n c e n tra tio n  o f an th racene  d is so lv e d  in  naph thalene  from 0 .2 $  to  
0.00002$ a f t e r  seven p a s s e s . The same au th o rs  have a lso  managed 
s u c c e s s fu lly  to  t r e a t  compounds which a re  l iq u id s  a t  room tem p eratu re  
by p la c in g  th e  a p p a ra tu s  i n  a r e f r i g e r a to r  a t  - 25°? and p a ss in g  a 
m olten  zone th rough  th e  fro ze n  m a te r ia l .
P ro g re ss iv e  freez in g ?  in  which a s o l id  boundary 
advances in to  th e  liq u id ?  i s  i n  th eo ry  s u p e r io r  to  zone m elting? fo r  
when m olten  m a te r ia l  i s  p e rm itte d  to  s o l id i f y  u n id ir e c t io n a l ly ?  a t  a 
r a te  s u f f i c i e n t ly  slow to  pe rm it s o l id  s t a t e  d iffu s io n ?  a p u re r  
p roduct should  be o b ta in e d . T his id e a l  c o n d itio n  i s  not ach ieved  
in  p ra c tic e ?  owing to  th e  extreme slow ness o f s o l id  s t a t e  d iffu s io n ?  
b u t by c o n tro l l in g  th e  r a te  o f  d i r e c t io n a l  s o l i d i f i c a t i o n  i t  i s  
p o ss ib le  to  ach ieve  a h igh  degree o f  d i r e c t io n a l  p u r i f i c a t io n .
Schwab and W ichers («X * R es. n a t .  B ur. S tand .?  1944? 32? 253) have 
used t h i s  method to  p u r ify  benzo ic  acid^ by f r e e z in g  tw ice  and 
r e j e c t i n g  40$ they  r a is e d  the p u r i ty  from 99*91$ to  99*998$. 
D ick inson  and Eaborn (Chem. & Ind? 1956? 959) have a lso  s u c c e s s fu lly
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used th e  p ro g re s s iv e  f r e e z in g  method to  p u r ify  l iq u id s  and low - 
m e ltin g  so lid so  The method used  was to  p lace  th e  l iq u id  i n  a 
g la s s  tube o f 3 cm. d iam eter and to  slow ly low er th e  tube a t  a 
c o n tro l le d  r a te  in to  a f re e z in g  b a th .  Using commercial "P ure*1 
benzene th ey  found th a t  a f t e r  s ix  p a ssag es , i n  which the  top  te n th  
o f  l iq u id  was l e f t  u n fro zen  and removed each tim e, a l l  im p u r i t ie s  
re v e a le d  by vapour-phase chrom atography were removed. F or l iq u id s  
o f  much low er m e ltin g  p o in t ,  e .g .  n itrom ethane  m .p. c a « -29°? th e  
sample was low ered a t  1 c m ./h r. in to  a d ry  ice~ .acetone m ix tu re .
They found th a t  th e  im p u r i t ie s  (c a .4 $ )  shown to  be p re se n t i n  
n itrom ethane by chrom atography were com pletely  removed in  e ig h t  
p assag es , one te n th  be in g  r e je c te d  each tim e .
This tech n iq u e  o f  p ro g re ss iv e  f r e e z in g  h as now 
been used  f o r  the  p u r i f i c a t io n  o f •(..+)-a -p in c n c  (mop.^75°) 
u s in g  a l iq u id  a i r  b a th  ( c a .-1 9 0 ° ) .  The r o ta t io n s  o f  th e  s t a r t i n g  
m a te r ia l ,  and th e  r e c r y s t a l l i s e d ,  and r e je c te d  p in en es , in d ic a te  
th a t  a  sm all b u t  p o s i t iv e  p u r i f i c a t io n  has been ach iev ed .
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CONCLUSION
( + ) - a -P in e n e  has  heen hydrogenated o v er a Raney 
N ickel W-3 c a ta ly s t  to  y ie ld  alm ost e x c lu s iv e ly  (+ ) - c is - p in a n e .
This o n e -s id ed  a d d it io n  o f hydrogen can he ex p la in ed  in  term s o f 
s t e r i c  h inderance  betw een s u b s tr a te  and c a t a l y s t .  I t  i s  suggested  
th a t ,  owing to  the  h in d e rin g  e f f e c t  o f  th e  is o p ro p y lid e n e  b r id g e , 
one s id e  o f  th e  cyclohexene r in g  i n  a ^pinene i s ,  in  e f f e c t ,  blocked.. 
As a r e s u l t  a -p in e n e  p o sse sse s  only  one a d so rp tio n  conform ation  i n  
which th e  double bond can be p re sen ted  c lo s e ly  to  a p lan e , i . e .  
th a t  hav ing  the  iso p ro p y lid e n e  b rid g e  remote from th e  s u r fa c e .
I f  a d so rp tio n  i s  fo llow ed  by c i s - a d d it io n  o f hydrogen to  th e  s id e  
o f th e  adsorbed  pinene m olecule fa c in g  the  c a t a ly s t ,  the  p roduct 
i s  c i s - p in an e .
The proposed mechanism i s  in  agreem ent w ith  
p re se n t view s on c a ta ly t i c  h y d rogenation , and p ro v id es  f u r th e r  
p ro o f o f  th e  v a l i d i t y  o f th e se  v iew s.
An a tte m p t to  p u r ify  ( + ) - a -p in en e  by the  
p ro g re ss iv e  f r e e z in g  tech n iq u e  gave a sm all b u t d e f in i te  in c re a s e  
in  p u r i ty ,  in d ic a t in g  th a t  p u r i f i c a t io n  by t h i s  method i s  p o s s ib le , 
even a t  very  low te m p e ra tu re s .
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EXPERIMENTAL
Greek ( + ) - g -p in e n e
The a  -p in en e  from Aleppo Pine (P irn s  h a l ip e n s i s )
^ C q
was* as  a c q u ire d , o f  a h igh  degree o f  p u r i ty  hav ing  a  jJ+79 O^O, 
251*4638• P u r i f i c a t io n  was c a r r ie d  o u t hy f r a c t io n a t io n  th rough
a h ea ted  20 cm. column packed w ith  g la s s  h e l i c e s .
Two h a tch es  o f  th e  c rude  pinene were d i s t i l l e d .  
The r e s u l t s  o f  one o f th e se  d i s t i l l a t i o n s  a re  g iven  "below, showing 
g e n e ra l tre n d s  oh serv ah le  i n  h o th  c a se s .
F ra c tio n  I  h .p .  I 55- I 560 n^51.4634 a,p5+ 8 l.5 3 °  (L^)
I I  156 1 .4636 +81.32
I I I  156 1.4636 +81.12
IV 156- 156.5  1.4637 +80.60
F ra c tio n  I  was comhined w ith  two o th e r  f r a c t io n s  
o f  l ik e  "boiling p o in t and r o ta t io n  from the o th e r  d i s t i l l a t i o n ,  and 
th e  comhined f r a c t io n s  r e d i s t i l l e d .
F ra c t io n  V h .p .  156° n ^ l .4636  d ^ O .856  a  ^ + 8 1 .7 5 °  6^2 )
n^l-4661 d^00.859 [ a ] 2B5+47.78
VI 156 n251.4636 a  5^+8l.40(L}2)
vii 156-156.5 1.4636 +81.03
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H ydrogenation o f ( + ) - q - p in e n e
( + ) - a  -P inene  (100 g . ) 9 from f r a c t io n  V, was 
hydrogenated  i n  e th e r  (200 m l .) ,  i n  th e  p resence o f  Haney Hi W-3
(3 g .)*
Time Temp.
°C
>
I 
« P ressu re
atm os.
A ? Remarks
15-30 16 99 F lushed  tw ice  w ith  
(50 a tm o s .)  be fo re  
f i l l i n g  to  max. p re s s .
16.20 15 -1 98 -1 S t i r r e r  and h e a te r s  on.
17.00 61 +46 103 +5
17 4 0 95 +34 101 -2
18.00 107 +12 82 -19
19.25 107 0 61 -15
21.05 105
15
-2 61
50
0 S t i r r e r  and h e a te r s  o f f .  
P re ssu re  r e le a s e d .
The hydrogenated m a te r ia l  was f i l t e r e d  to  remove 
Haney H i, th e  e th e r  removed on a s team -h a th , and th e  re s id u e  d i s t i l l e d .  
I n  th e  f i r s t  d i s t i l l a t i o n  a s in g le  wide c u t was ta k e n .
h .p .  166-169 m ain ly  168° 95«40g.
This was r e d i s t i l l e d .
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F ra c tio n  I  b .p .  166-168° n ^ l* 4 6 0 3  67»24g»
I I  169 1.4603 21 .51g.
Residue I .4609 4*67g»
F ra c tio n  I  was f i n a l l y  r e d i s t i l l e d  to  g ive  the
fo llo w in g  s -
F ra c t io n I I I  b .p . 166° 25n D'1.4579 2 .31s-
IV 166 1.4600 5 *30g»
V I 66- I 67 1.4602 42.75g*
VI 167-168 1.4602 10 .05g .
R esidue 1.4607 4*28g. .
The fo llo w in g f u r th e r measurements were made %■
F rac tio n s 20 ! 1
*20
4
d25
4 a ? ?D 1  C  a  f B5
IV 1.4623 0.857 0.854 +9-65° 0 .5  +22.61
V 1.4626 0.857 O.854 +39.33 2 +23.03
VI M +39.76 2
Samples from f r a c t io n  IV and V were s u b je c te d  to  
vapour-phase  chrom atography (F ig s . 7 and 3 ) .
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Vjapour-phase chromatogram : of 
(+ ) -c i s - p inane 
(F ra c tio n  IV )
■4
Fijg. 7
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Vapouif-phase chromatogram of 
| ( + ) - c i s - pinane 
j (F ra c t io n  V )
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P u r i f ic a t io n  o f (+)~g -p in en e  by p ro g re ss iv e  f r e e z in g .
The s i l i c a  tube S ( le n g th  28 cm.* i n t .  diam. 2 cm .) 
was f i l l e d  to  a h e ig h t o f  20 cm. w ith  r e d i s t i l l e d  a -p inene  (from
f r a c t io n  VI )* and low ered th rough  a c lo se  
f i t t i n g  a sb e s to s  sh ee t A in to  l iq u id  a i r ,  
co n ta in ed  in  a Dewar flask* a t  a  r a te  o f 
2 cm. p e r hour* by means o f  a synchronous 
m otor M. As soon as  the  s i l i c a  tube broke 
th e  su rfa ce  o f  th e  liq u id *  th e  a -p in e n e  
began to  c r y s ta l l iz e *  and as  the  tube  was 
low ered th e  s o l id  f r o n t  g ra d u a lly  
advanced up the  column o f  l iq u id  p in en e .
When th e  s o l id  f r o n t  was 2 cm. from th e
su rfa c e  o f  th e  l iq u id ,  th e  m otor was
stopped* and th e  rem ain ing  l iq u id ,  com­
p r is in g  about l / lO th  o f  th e  i n i t i a l  bulk* 
syphoned o f f .  The c r y s ta l l in e  a -p in e n e  
was allow ed to  m e lt, and th e  r o ta t io n  o f  th e  two f a c t io n s  m easured.
2^ 5 oS ta r t in g  m a te r ia l  a £ +  81.40 1 , 2
R e cr y sta llised  a-p inen e + 81*53 1 ,2
R ejec ted  a -p in e n e  + 20.33 1 , §•
(+ 81 .32  i f  1*2)
This in d ic a te s  th a t  a small* b u t p o s itiv e *  p u r i f i c a t io n
o f a -p in e n e  has been a ch iev ed .
3~NAFHTHYLI,!ETHYIiCi\RBIN0L
I l l
imODUCTIOH TO PARTS I I I  A IV
The work d e sc rib e d  in  th ese  two s e c t io n s  was c a r r ie d  
ou t p r io r  to  th a t  in  P a r ts  I  and I I .
The in te n t io n  o f  t h i s  work was to  c a r ry  o u t an 
asym m etric sy n th e s is  by h y d ro genation  o f  th e  two a ro m atic  a lc o h o ls  
j3 -naphthyIm ethyIcarb ino1 (a ) and 2 -(p -cy m y l)m eth y lcarb in o l (b ) . 
Thus 8-
Me
A
Me
•COCH.
3
B
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However, i t  was found th a t  i n  each case the  a lco h o l 
underwent hy d ro g en o ly sis  w ith  th e  r e s u l ta n t  d e s t r u c t io n  o f th e  
asym m etric c e n tre  a t  C^. Subsequent a tte m p ts , u s in g  d i f f e r e n t  
c a ta ly s t s ,  v a ry in g  r e a c t io n  c o n d itio n s , and d i f f e r e n t  d e r iv a t iv e s  
o f  th e  a lc o h o ls , were a ls o  u n su c c e ss fu l.
I n  most c a se s  th e  p ic tu re  was com plicated  by 
h y d rogenatibn  o c c u rrin g  s im u ltan eo u sly  w ith  h y d ro g e n o ly s is .
The r e s u l t in g ,  o f te n  complex, p ro d u c ts  have been examined, and 
t h e i r  n a tu re  i s  r e p o r te d .
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DISCUSSION
The a ttem p ted  hy d ro g en a tio n  o f  B ~naphthylm etfcyloarblnol
(3-Naph thy Ime th y  lc a r b in o l  was p rep ared  by a M eerwein-
Ponndorf-V erley  re d u c tio n , w ith  aluminium isopropoxi.de, o f (3-naphthyl
m ethyl ke tone  by th e  method o f  C o lly e r  & Kenyon ( J . ,  1940, 676) .
The hy d ro g en a tio n  o f (3 -naph thy lm ethy lcarb ino l was
i n i t i a l l y  c a r r ie d  ou t w ith  a s ta b i l i z e d  Raney n ic k e l  c a ta ly s t ,  a
maximum pressure o f 160 atm ., and a maximum temperature o f 128° .
The bu lk  o f  th e  hy d ro g en a tio n  p ro d u c t d i s t i l l e d  c o n tin u o u s ly  over
the range 126-148°/24 mm* A s in g le  sharp h ig h -b o ilin g  fr a c tio n
was a ls o  o b ta in e d . T his on r e d i s t i l l a t i o n  had b .p .  156-158°/l7  mm. 9 
20n ^  1.5413? and on a n a ly s is  was shown to  be a te t r a h y d ro -  (3 -n a p h th y l-  
m e th y lc a rb in o l. (Adkins and B i l l i c a ,  J .  Amer. Chem. S o c ., 1948?
70? 695 r e p o r t  b .p .  119-119*5°/2 m m jn^ 1 . 5484)*
The lo w -b o ilin g  d i s t i l l a t e ,  on a n a ly s is ,  was found 
to  be m ain ly  hydrocarbon, and to  c o n ta in  only a sm all p e rcen tag e  o f 
the  expec ted  a lc o h o l ic  p ro d u c t5 i t s  com position  was determ ined  a s  
fo l lo w s .
A sample o f  th e  lo w -b o ilin g  d i s t i l l a t e  was t r e a te d  
w ith  1  -iso c y an a to n a p h th a len e  to  remove th e  a lc o h o lic  m a te r ia l ,  and 
th e  rem ain in g  hydrocarbon i s o la te d  as a c o lo u r le s s  l iq u id  b .p .  
l0 8 -1 1 0 ° /l3  mm.f n ^  I . 509O. The r e f r a c t iv e  in d e x  in d ic a te d  th a t
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t h i s  was a m ix ture  o f 2 - e t h y l t e t r a l i n  and 2 -e th y id e c a lin .
(B a iley , Sm ith, and S tav e ley , J . ,  195^? 273 r e p o r t  fo r  2 - e th y l-  
20t e t r a l i n  n ^  1-5294? and Adkins and D avis, J.A .C .S* ,1 9 4 9 ? li? 2955 
re p o r t  f o r  2 -e th y ld e c a lin  n ^  1 -4727)- A n a ly sis  showed th e  
hydrocarbon to  have a com position  in te rm e d ia te  betw een th a t  o f 
2 - e t h y l t e t r a l i n  and 2 -e th y ld e c a lin .
The hydrocarbon m ix tu re  was f u r th e r  examined by 
vapour-phase  chrom atography. The chromatogram ( F ig .  9 page 125) 
showed th e re  to  be fo u r  main components p re s e n t .  I t  would seem 
reaso n ab le  to  a sc r ib e  peaks I  and I I  to  two iso m eric  forms of 
2 -e th y ld e c a lin ,  p o ss ib ly  c i s - o i s - 2 -e th y ld e c a lin  A and t r a n s - c i s -  
2 -e th y ld e c a l in  B.
■Et
A
E t
The o th e r  two m ajor peaks. I I I  and IV, a re  p robab ly
l ,2 ,3 ,4 - te tr a h y d ro -2 -e th y ln a p h th a le n e  C and 1 , 2 ,3 ,4 - te t r a h y d ro - 6 -  
e th y ln a p h th a le n e  D.
•Et
D
E t
C
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The a lc o h o lic  p o r t io n  o f th e  low b o i l in g  d i s t i l l a t e  
was "both c h a ra c te r is e d *  and i s o la te d  from the  hydrocarbon* hy 
o x id a tio n  and the p re p a ra t io n  o f  a  s o l id  k e to n ic  d e r iv a t iv e ,  th e  
2 ,4~ d in itro p h en y lh y d razo n e  • B 'rac tiona l r e c r y s t a l l i s a t i o n  from 
g la c i a l  a c e t ic  a c id  o f  th e  crude 2 ,4 -d in itro p h en y lh y d razo n e  
produced th re e  crops of c i y s t a l s .  The f i r s t  c rop  had m .p .
257- 258° ,  in d ic a t in g  i t  to  he the  (3-naphthyl m ethyl ke to n e  
d e riv a tiv e *  fo r  which Johnson ( j . Amer. Chem. S o c ., 1953* 25.*
2720) r e p o r ts  m .p . 261-262°. T his was confirm ed hy a n a ly s is ,  
and i t s  p resence shows th a t  the  h y d ro genation  p roduct must have 
co n ta in ed  some unchanged (3 -n ap h th y lm ethy lcarb ino l.
The second crop o f  m .p .l9 5 “‘200°* was u n reac ted
2 ,4 -d in itro p h e n y lh y d ra z in e .
The t h i r d  c ro p , which was no t o b ta in ed  p u re , had 
an in d e f in i t e  m e ltin g  p o in t w ith  th e  hu lk  o f  th e  m a te r ia l  m e ltin g  
around 130°. I t  i s  p o s s ib le  th a t  t h i s  crop  co n ta in ed  some 
{3-decaly l m ethyl ketone d e r iv a t iv e ,  s in c e  Dauhen and H oerger 
( J .  Amer. Chem. S o c ., 1951* J2j  1504) r e p o r t  t h i s  to  have m .p .
134-135°•
Thus th e  a ttem p ted  hy d ro g en a tio n  o f  (3 -naph thy l- 
m eth y lcarh in o 1, w ith  a s t a b i l i z e d  Haney n ic k e l c a t a ly s t ,  has 
r e s u l te d  p redom inantly  i n  h y d ro g en o ly sis  w ith  th e  p ro d u c tio n  o f  
a m ix tu re  o f  two 2 - e th y l t e t r a l i n s  and two 2 ~ e th y ld e c a lin s .
116
Some hydrogenation  o f  th e  c a rb in o l d id  o ccu r, a s  shown by the  
p resence o f a sm all amount o f  te tra h y d ro -1 3 -n ap h th y lm e th y lc a rb in o l, 
however, t h i s  c o n s t i tu te d  on ly  about 10$ o f the r e a c t io n  p ro d u c t.
The p resence  o f  a  sm all amount o f u n reac ted  |3 -n ap h th y lm e th y lca rb in o l 
was a ls o  d e te c te d , and i t  i s  p o s s ib le  th a t  th e re  m ight a lso  have 
been p re s e n t a t r a c e  o f  d ecah y d ro -1 3 -n ap h th y lm eth y lca rb in o l.
The a ttem p ted  h y d ro genation  o f  {3-n ap h th y lm e th y lca rb in y l a c e ta te
Owing to  the  ease w ith  which |3-naphthylm e th y  lc a r b in o l  
underwent h y d ro g en o ly s is^ th e  h y d rogenation  o f  a d e r iv a t iv e  o f  th e  
a lco h o l was nex t a ttem p ted .
(3-N ap h th y lm eth y lcarb in y l a c e ta te ,  p rep a red  by the  
method o f  C o lly e r & Kenyon ( j . ,  1940, 676) ,  was hydrogenated  w ith  
an a c t iv e  Raney n ic k e l W-3 c a t a ly s t .  Over a  p e rio d  o f  two hours 
th e  tem p era tu re  was g ra d u a lly  r a i s e d  to  122°, d u rin g  which tim e no 
up tak e  o f  hydrogen was observed . A f te r  h e a tin g  a t  t h i s  tem pera tu re  
f o r  a  f u r th e r  two h o u rs , w ith o u t any change in  p re s su re  o c c u rr in g , 
the  tem peratu re  was r a is e d  to  132° when a marked f a l l  i n  p re ssu re  
took p la c e .
D i s t i l l a t i o n  o f  the  r e a c t io n  p roduct gave two
f r a c t io n s ,  a sm all lo w -b o ilin g  one c o n ta in in g  a c e t ic  a c id , and a
la rg e  h ig h e r -b o i l in g  one b .p .  130 -133°/l8  mm. c o n ta in in g  a l l  the
rem ain ing  p roduct o f  r e a c t io n .  T his was r e d i s t i l l e d  to  g iv e  a  main
f r a c t io n  b .p .  121°/3-5 mm., n ^  1 .5270 . (B a iley , Sm ith, and S tav e ley
J . ,  1956, 273 * re p o r t  fo r  a m ix tu re  o f  a c -  and a i^ - 2 - e th y l te t r a l in  
/* \ ocs
b .p .  IO5-8  / I 3 mm0, n ^  1 -5294). A n alysis  confirm ed t h i s  to  be
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2 - e t h y l t e t r a l i n .  Vapour^phase chrom atography (F ig . 10 page 129 ) 
showed th e re  to  "be th re e  components p re s e n t .  I t  would seem 
reaso n ab le  to  a s c r ib e  peaks A and B to  l ,2 ,3 ,4 - te t r a h y d r o ~ 2 -  
e th y ln a p h th a le n e  and 1 , 2 ,3 ,4 - te tra h y d ro -6 -e th y ln a p h th a le n e . The 
compound causing  peak G i s  not c l e a r , b u t th e  a n a ly s is  f ig u re s  
would su g g es t th a t  i t  i s  p o ss ib ly  iso m eric  w ith  e t h y l t e t r a l i n .
Thus th e  a ttem p ted  h y d rogenation  o f  th e  a c e ta te  
has r e s u l te d  e x c lu s iv e ly  i n  h y d ro g en o ly s is , w ith  th e  p ro d u c tio n  o f 
2 - e t h y l t e t r a l i n  and a c e t ic  a c id .
The a ttem p ted  hyd ro g en a tio n  o f  B -n a p h th y lm e th y lc a rb in y l 
m ethyl e t h e r .
The above e th e r ,  p rep ared  by th e  a c t io n  o f  m ethyl 
io d id e  on th e  potassium  a lk o x id e , was hydrogenated  w ith  an a c t iv e  
Raney $Fi W-3 c a ta ly s t ,  a t  a maximum tem p era tu re  o f  120°, and a  
maximum p re s su re  o f 152 atm.
D i s t i l l a t i o n  o f  th e  r e a c t io n  p ro d u c t showed th e re  
to  be on ly  a s in g le  p roduct p re s e n t .  The main f r a c t io n  had b .p .  
l l6 - l l8 ° /3 -2  mm., n ^  1*5267. T his i s  id e n t i c a l  w ith  th e  p ro d u c t 
o b ta in e d  from  hyd ro g en a tio n  o f  (3 -naph thy lm ethy lcarb iny l a c e ta te ,  
which was shown to  be e t h y l t e t r a l i n .  T his was confirm ed by vapourv  
phase chrom atography (F ig . lOpage 129 )s a chromatogram alm ost 
id e n t i c a l  to  t h a t  from th e  h y d ro g en a tio n  p roduct o f the  a c e ta te  b e in g  
o b ta in e d . Thus th e  h yd rogenation  o f  th e  e th e r  has a lso  r e s u l te d  
i n  h y d ro g e n o ly s is .
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F u r th e r  a ttem p ted  hy d ro g en a tio n s  o f g -n ap h th y lm e th y lca rb in o l
The f i r s t  hydrogena tion  o f  th e  a lc o h o l, u s in g  a 
s t a b i l i z e d  Raney n ic k e l c a t a ly s t ,  having  been u n su c c e ss fu l, a 
second h y d rogenation  was c a r r ie d  out u s in g  an a c t iv e  Raney n ic k e l 
W-3 c a t a l y s t .
A p roduct hav ing  b.p* I l 6 - l l 8 ° / l 2  mm., n^p 1 .5272 
was o b ta in e d , which was id e n t i c a l  to  th a t  o b ta in e d  from b o th  th e  
a c e ta te  and th e  e th e r .  F u r th e r  co n firm a tio n  was o b ta in e d  by 
vapour-phase chrom atography (F ig . 10 page 129 )• Thus, 
h y d ro g en o ly s is  has ag a in  o ccu rred .
A f in a l  a ttem p t a t  h yd rogena tion  was made u s in g  
Adam's p la tin u m  oxide c a t a ly s t .  A lthough t h i s  i s  n o t a s  pow erful 
a h y d ro genation  c a ta ly s t  as Raney n ic k e l W-3, w ith  r e s p e c t  to  th e  
nap h th y l n u c le u s , i t  does n o t promote h y d ro g en o ly s is  as  r e a d i ly  as 
does a n ic k e l c a ta ly s t .
H ydrogenation was i n i t i a l l y  a ttem p ted  a t  about 138°, 
b u t no up take  o f  hydrogen b e in g  observed , th e  tem p era tu re  was 
g ra d u a lly  r a i s e d  to  a  maximum o f  205° w hile  th e  p re s su re  ro se  to  
a maximum o f 168 a tm .. Even under th e se  d r a s t i c  c o n d itio n s  
on ly  a  sm all amount o f hydrogen was absorbed , and h e a tin g  was 
th e re fo re  s topped .
The r e a c t io n  p ro d u c t on d i s t i l l a t i o n  f a i l e d  to  g iv e .
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sh a rp ly  s e p a ra te d  f r a c t i o n s 9 h u t d i s t i l l e d  co n tin u o u s ly  over 
the  range 148- 165° /2 1  nm. A re s id u e  rem ain ing  a f t e r  
d i s t i l l a t i o n  was found to  he unchanged {3 -naph thy lm ethy lcarh ino l, 
which was a lso  d e p o s ited  from a l l  th e  f r a c t io n s  on s ta n d in g . 
Vapour* phase chrom atography showed th a t  the  on ly  o th e r  p roduct 
p re s e n t was e t h y l t e t r a l i n .
Thus th e  a ttem p ted  hyd ro g en a tio n  o f  (3 -n ap h th y l- 
m e th y lc a rh in o l, w ith  Adam's p la tinum  oxide c a ta ly s t^  appears  
to  r e s u l t  i n  h y d ro g en o ly s is  to  g ive e t h y l t e t r a l i n .
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The a ttem p ted  h y d ro genation  o f  (3 -n ap h th y lm e th y l-
c a rh in o l w ith  a  s ta b i l i z e d  Raney n ic k e l c a t a ly s t ? an a c t iv e  Raney
n ic k e l W-3 c a ta ly s t?  and Adames p la tinum  oxi.de c a t a l y s t ? re su lte d ?
i n  every  case? i n  hydrogenolysis*  With Raney n ic k e l W-3? th e  most
a c t iv e  o f th e se  c a ta ly s ts ?  the  so le  p roduct was e th y l t e t r a l in ?  w ith
Adam’s p la tinum  oxide? p o ss ib ly  th e  l e a s t  a c t iv e  o f th e  c a ta ly s ts ?
a la rg e  amount o f j3 -nap h th y lm eth y lca rb in o l rem ained unchanged?
*
the  m a te r ia l  which re a c te d  b e in g  converted  to  e t h y l t e t r a l i n  by 
hydrogeno lysis*  U sing a s ta b i l i z e d  Raney n ic k e l  c a t a ly s t  a 
m ix tu re  o f p ro d u c ts  was o b ta in e d . T his c a ta ly s t  d id  not promote 
h y d ro g en o ly s is  as  s tro n g ly  as d id  th e  o th e r  two c a ta ly s ts ?  and
•¥r
a lth o u g h  th e  m ajor p roduct was a m ix tu re  o f e t h y l t e t r a l i n  and 
2 -e th y ld e c a lin ?  a sm all amount of te tra h y d ro -(3 -n a p h th y lm e th y l-  
c a rb in o l was produced.
The a ttem p ted  hydrogenations o f  two c a rb in o l 
d e r iv a tiv e s?  th e  a c e ta te  and th e  m ethyl e th e r?  were e q u a lly  
u n su ccessfu l?  th e  so le  p roduct b e in g  e t h y l t e t r a l i n  formed by 
h y d ro g e n o ly s is .
•  •  •  •
* I n  every  case  the  p roduct r e f e r r e d  to  above as e t h y l t e t r a l i n  
was in  f a c t  a  m ix ture  o f a c -  and a r -  2 - e t h y l t e t r a l i n  ? i . e .
1? 2? 3? 4 -te tra h y d ro ~ 2 -e th y ln a p h th a le n e  and 1?2 ? 3 ? 4 - te tra h y d ro -  
6 -e th y ln a p h th a le n e •
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EXPERIMENTAL
P re p a ra tio n  o f ( - ) -  6 -N ap h th y lm ethy lcarh ino l
The a lco h o l was p rep ared  hy re d u c tio n  o f {3-naphthyl- 
m ethyl ke to n e  w ith  aluminium iso p ro p o x id e  hy th e  method o f G o lly e r 
and Kenyon ( j* ,1 9 4 0 , 676) .
P-N aphthyl m ethyl ke tone  (n u p .53-54°? 170 £ • )  was 
reduced  w ith  a s o lu t io n  o f  aluminium iso p ro p o x id e  (from Aluminium 
60 g . ,  p ro p an -2 -o l 1200 m l.,  and a tr a c e  of m ercu ric  c h lo r id e  as  
c a t a ly s t )  hy h e a tin g  under r e f lu x  f o r  s e v e ra l  hours on a steam - 
h a th . Acetone produced d u rin g  th e  r e a c t io n  was a llow ed  to d i s t i l  
o f f  s low ly , and when the  r e a c t io n  was com plete, excess  p ro p an -2 -o l 
was removed hy d i s t i l l a t i o n  a t  reduced  p re s s u re . The v isco u s  
re s id u e  was coo led , and added to  excess  o f  3N H^SO^ and i c e .
The p ro d u c t was f i l t e r e d  o f f ,  and r e c r y s t a l l i s e d  from l ig h t  
petro leum  ( h . p . 60-80°) to  g ive th e  a lc o h o l (114 g*) as a w hite 
c r y s ta l l in e  s o l id  m .p. 71-72° (C o lly e r  and Kenyon, lo c .  c i t .  
r e p o r t  m .p .7 1 -7 2 ° ) .
A second p re p a ra t io n , u s in g  h a l f  q u a n t i t i e s ,  
y ie ld e d  p -n a p h th y lm e th y lc a rh in o l (57 g*) m .p . 72-73°*
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H ydrogenation o f  (-)-* 6 -n ap h th y lm e th y lca rb in o l
I .  U sing a s ta b l iz e d  Raney n ic k e l c a ta ly s t
The a lco h o l (15 g . ) was hydrogenated  in  e th an o l
(99$? 1 5 0 m l.)  i n  th e  presence o f Raney n ic k e l c a t a ly s t  (B.D.H.
s t a b i l i z e d ,  c a .2  g . )
Time , s, . A  T P ressu re
atm os.
A p Remarks
11.30 31 128 V essel f lu sh e d  tw ice  w ith  
b e fo re  lo a d in g  to  128 
afrnoso
S t i r r e r  and h e a te rs  on.
12.10 70 +39 145 +17
13 .05 127 +57 160 +15
13.45 124 -3 160 0
14.30 125 +1 160 0
15.10 124 -1 158 -2
15.50 128 +4 156 '■ -2
16*30 124 -4 151 -5 Leak d e te c te d  and f a u l t  
r e c t i f i e d .
17.00 122
21
-2
r-J 
CO 
IT\ 
O
 
1—1 
1—1
0 S t i r r i n g  and h e a tin g  
s to p p ed .
P ressu re  r e le a s e d .
The hydrogenated m a te r ia l  was f i l t e r e d  to  remove 
Raney n ic k e l ,  th e  e th an o l removed on a s team -b a th , and the  ye llo w  
re s id u e  d i s t i l l e d  a t  reduced p re s su re .
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F ra c tio n I b .p .  126-128°/24 mm. n ^  I . 5HO 2.35 g*
I I 128-134 °/24  mm. 1,5200 3 .88  g .
I I I 134-142°/24 mm. 1.5238 2 .26  g .
IV 142- 162°/24  mm. 
( c h ie f ly  142-148)
0 .5 2  g .
V 162-166° /2 4  mm. 1.5286 2.12  g .
F ra c tio n V was r e d i s t i l l e d .
F ra c t io n VI b .p .  153-156°/l7  mm. 20n p 1.5200 1.01  g .
V II 156-158°/l7  mm. 1.5413 0 .5 0  g .
F ra c tio n s  I I ,  and V II, were t e s t e d  w ith  a head o f  
sodium. F ra c t io n  I I  re a c te d  slow ly and in co m p le te ly , w hile  f r a c t io n  
V II re a c te d  ra p id ly  to  g ive a ye llow  re s in o u s  m ass.
F ra c tio n  V II. Founds C ,82 .2f C alc , f o r
^12^ 16^ (^e ^ra ^5r(i ro “ £ -n a p h th y lm e th y lc a rb in o l)s  C ,8 l .7 5 l H,9*15$*
F ra c tio n  I I .  Founds C ,86.35f H ,10.55? (whence 0 , 3 . l )  
C a lc , fo r  C12Hl6  ( 2- e t h y l t e t r a l i n ) s  0,89*95? H ,10 .05$ .
C alc , f o r  0^2^22 ( 2-e th y ld e c a l in ) s  C,86.65? H,13.35$*
I d e n t i f i c a t i o n  o f  the  lo w -b o ilin g  p ro ducts  o f  hy d ro g en a tio n
Combustion a n a ly s is  showed th a t  th e  lo w -b o ilin g  
m a te r ia l  was c h ie f ly  hydrocarbon, and th a t  th e re  was only  a sm all 
amount o f oxy g en -co n ta in in g  m a te r ia l ,  the  ex p ec ted  a lc o h o l ic  p ro d u c t, 
p r e s e n t .  The hydrocarbon p o r tio n  was i s o la te d  by removal o f  the 
a lc o h o lic  m a te r ia l ,  w ith  1- iso c y an a to n a p h th a len e , and id e n t i f i e d  by 
a n a ly s is  and vapour-phase  chrom atography. The a lc o h o lic  p o r t io n
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was c h a ra c te r is e d  hy ox idation*  and the  k e to n ic  p ro d u c ts  were 
removed from th e  unchanged hydrocarbon hy r e a c t io n  w ith  
2 , 4-& in itro p h e n y lh y d ra z in e .
E xam ination o f  th e  hydrocarbon p roduct
F ra c tio n  I I  (2 .50  g*) was h ea ted  w ith  1 - iso c y a n a to -  
n aph thalene  (2 .20  g») on a s team -bath  f o r  one h o u r. On s tan d in g  a
sm all q u a n tity  o f  d i - a  -n ap h th y l u re a  se p a ra te d  o u t, and was 
f i l t e r e d  o f f .  The f i l t r a t e  was e x tra c te d  w ith  n~heptane (25 m l . ) ,  
washed w ith  w a ter (3 x 20 m l.) ,  and d r ie d  over calcium  c h lo r id e .
The n -hep tane  was d i s t i l l e d  o f f  and th e  r e s id u e  d i s t i l l e d  a t  
reduced p re s s u re . The d i s t i l l a t e  on s ta n d in g  slow ly d e p o s ite d  
d i -  a -n a p h th y l u re a , and t h i s  was re p e a te d ly  f i l t e r e d  o f f  u n t i l  
p r e c ip i t a t io n  ceased . The rem ain ing  f i l t r a t e  was th en  r e ­
d i s t i l l e d  to  g ive  a s in g le  f r a c t io n  b o p .l08--110° / l 3 mm., 
n ^  I . 509O. Founds C, 88.35? H, 11.05$* (Compare w ith  f ig u r e s  
f o r  2 -e th y lte tra l* in  and 2 -e tb y ld e c a lin  g iven  ab o v e). A sample 
was su b je c te d  to  vapour-phase chrom atography (F ig . 9)*
2 Exam ination o f  th e  a lc o h o lic  p o r tio n
A q u a n tity  o f th e  lo w -b o ilin g  d i s t i l l a t e  (2 .5 0  g . )  
v/as shaken w ith  g la c i a l  a c e t ic  a c id  (8 m l.)  in  an o i l - b a th  a t  80°, 
and powdered chromic anhydride (0 .95  £ • )  added over a p e rio d  o f 
30 m in u te s . The r e s u l t i n g  g reen  s o lu t io n  was poured in to  w a ter, 
and e x tra c te d  w ith  e th e r  (3 2: 10 m l . ) .  The e x t r a c t  was washed w ith  
aqueous sodium ca rb o n a te , fo llow ed  by w ater, and d r ie d  o v e r anhydrous
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sodium su lp h a te . The e th e r  was removed on a s team -b a th , and 
th e  ye llo w  re s id u e  shaken f o r  9 hou rs  w ith  an excess o f  a 
s a tu r a te d  s o lu t io n  o f  2 ,4 -d in itro p h e n y lh y d ra z in e  in  2H hydro­
c h lo r ic  a c id .  Ho s o l id  d e r iv a t iv e  was o b ta in ed  h u t on s tan d in g  
a deep red  o rg an ic  la y e r  se p a ra te d  o u t .  This o rg an ic  la y e r  was 
ru n  o f f ,  and n -hep tane  added, when th e  2 ,4 -d in itro p h en y lh y d razo n e  
Was p r e c ip i ta te d  as  a very  v isco u s  re d  o i l .  The o i ly  hydrazone 
was d is so lv e d  in  b o i l in g  g la c ia l  a c e t ic  a c id , and on co o lin g  was 
d e p o s ited  as a dark  red  c r y s ta l l in e  s o l id .  A f te r  two r e c r y s t a l ­
l i s a t i o n s  from g l a c i a l  a c e t ic  a c id  the  2 ,4 -d in itro p h en y lh y d razo n e  
had c o n s ta n t m .p .257-258° (decom p.). Pound? H ,l6 .2 »  Calc* f o r  
^18^ 14^4^4 ^  -ftap h th y l m ethyl ke tone  d e r iv a t iv e )?  H ,1 6 .0 $ .
By Y/orking up the m other l iq u o r s  a second c ro p , 
m .p .195- 200° ,  o f  unchanged 2, 4-d in i tro p h e n y ih y d ra z in e , was o b ta in e d . 
A th i r d  crop , orange i n  c o lo u r, o f which th e re  was only s u f f i c i e n t  
f o r  a s in g le  m e ltin g  p o in t, was a lso  i s o l a t e d .  This gave an 
in d e f in i t e  m e ltin g  p o in t ,  w ith  the  bulk  o f  the m a te r ia l  m e ltin g  
a t  130° (F or th e  i n t e r p r e t a t i o n  o f  th e  above r e s u l t s  see 
d is c u s s io n  page 115 )•
P re p a ra tio n  o f  3 -n a p h th y lm e th y lc a rb in y l a c e ta te
(3 -U ap h th y lm eth y lcarb in o l (21 .00  g . ) ,  p y rid in e  
(10 .80  g . ) ,  and a c e t ic  anhydride ( 15 .OO g . ) ,  were h ea ted  to g e th e r  
on a s team -bath  f o r  one h o u r . The m ix ture  was coo led , poured on
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to  crushed  ice*  and e th e r -e x tra c te d *  The e x t r a c t  was washed w ith  
N h y d ro ch lo ric  acid* w ith  IT sodium hydroxide* and w ith  w a ter u n t i l  
n e u tra l*  and th en  d r ie d  over anhydrous sodium s u lp h a te . The e th e r  
was removed on a s team -b a th , and the re s id u e  d i s t i l l e d  a t  reduced 
p re ssu re  to  g ive  the  a c e ta te  ( 19*00 g . )  b .p .  l8 8 - l8 9 ° / l8  rum**
1*5729* (C o lly e r and Kenyon* J 1940* 676 r e p o r t  b .p .  172°/
15 mm., n ^  1°5753).
H ydrogenation  o f  S -n ap h th y lm eth y lca rb in y l a c e ta te
The a c e ta te  (19*00 g . )  was hydrogenated  in  e th e r  
(150 m l.)  i n  th e  p resence o f  Haney n ic k e l W-3 c a ta ly s t  ( c a . l  g . )
Time Temp.
°C
A T P ressu re
atm os.
& P Piemarks
13.15 24 96 V essel f lu sh e d  tw ice 
w ith  b e fo re  lo ad in g  
to  max. p re s s u re .
14.05 25 •f*l 93 -3 S t i r r e r  and h e a te r s  on.
I 4 . 4O 76 +51 108 +15
15*15 122 +46 122 +14
15.50 119 ~3 121 -1
17*20 124 +5 121 0
19.15 132 +8 118 -3
21.00 132
24
0 118
81
0 S t i r r i n g  and h e a tin g  
s to p p ed .
P ressu re  r e le a s e d .
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The hydrogenated  m a te r ia l  was f i l t e r e d  to  remove Raney n ic k e l , the  
e th e r  removed on a s te a m -b a th ,' and th e  re s id u e  d i s t i l l e d  a t  reduced 
p re s su re .
F ra c tio n  I  b .p .  below 1 3 0 ° /l8  mm. 4°20 g .
I I  130-133°A 8 mm. n ^  1*5265 11*92 g .
F ra c t io n  I  sm elt s tro n g ly  o f a c e t ic  a c id , and when 
r e d i s t i l l e d  a t  a tm ospheric  p re ssu re  gave a main f r a c t i o n  w ith  b .p .  
118° (Founds e q u iv ., 60*8, C a lc , f o r  a c e t ic  acid? e q u iv ., 60*05).
F ra c tio n  I I  gave a  n eg a tiv e  r e s u l t  on t e s t i n g  
f o r  an e s t e r ,  and was r e d i s t i l l e d ,  g iv in g  a main f r a c t i o n  b .p*  
1 2 1 °/l5  mm., n^5 1*5270 (Founds C ,89*45? . H ,10*0* C a lc , f o r  
2- e t h y l t e t r a l i n s  C ,89*95? H ,10 .05$)° A sample o f t h i s  main 
f r a c t io n  was su b je c te d  to vapour-phase chrom atography. (F ig . 10) 
P re p a ra tio n  o f  g -n a p h th y lm e th y lc a rb in y l m ethyl e th e r
(3 -R ap h th y lm eth y lcarb in o l (20 g . )  was added in  
1 g .  p o r tio n s  to  f in e ly  d iv id ed  potassium  ( 4*5 g«) i n benzene 
(45 m l .)  ov er a p e rio d  o f  h a l f  an hour w ith, c o n s ta n t sh ak in g .
A f te r  th e  a d d i t io n  was com pleted, the m ix ture  was re f lu x e d  f o r  
h a l f  an h o u r, and th en  cooled* M ethyl io d id e  (16*5 g ° )  was 
added in  1 m l. p o r t io n s , and th e  m ix tu re  f i n a l l y  re f lu x e d  f o r  
40 m inutes* The p roduct was washed w ith  d i lu te  h y d ro c h lo ric  
a c id  and w a te r , and d r ie d  over anhydrous potassium  c a rb o n a te .
A f te r  removal o f  th e  benzene th e  re s id u e  was d i s t i l l e d  a t  reduced
---------- O -------------
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V apour-phase chromatograms of 
th e  hyd ro g en a tio n  p ro d u c ts  from
( i  ) (3 -naph thy lm ethy lcarb iny l a c e ta te
( i i  ) (J-naph thy lm ethy lcarb iny l^m ethy l
. t . . ; ... e th e r  . .
( i i i )  naph th y  line th y lc  a rb in o l
F i g /  10
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p re s s u re . A s in g le  wide f r a c t io n  was taken f i t  (16 .25  g*) 
was h ea ted  on a s team -bath  f o r  3 hours w ith  p h th a lic  anhydride 
(10 g » ), and p y rid in e  ( 5*5 £•)> con v ert any unchanged c a rb in o l 
to  th e  hydrogen p h th a la te .  The m ix tu re , a f t e r  s ta n d in g  f o r  one 
hour, was d is so lv e d  in  e th e r ,  and washed w ith  d i l u t e  h y d ro c h lo ric  
a c id , d i lu te  sodium hydrox ide , and w a te r . The e th e r e a l  s o lu t io n  
was d r ie d  over anhydrous potassium  ca rb o n a te , and a f t e r  removal
o f  th e  e th e r  the  re s id u e  d i s t i l l e d  a t  reduced p re s s u re . The
m ethy l e th e r  ( 10.50  g . )  had b .p .  14 8 -1 5 0 °/l6  mm.,n25 1.5719*
A second p re p a ra t io n  was c a r r ie d  out e x a c tly  as
d e sc rib e d  above„ The m ethyl e th e r  (8 .3 2  g . )  had b .p .  14 8 -1 5 1 °/l6
mm., n25 1*5724 (Pounds 0,84-35? H J . 9 5 . C a lc , f o r  C—H-.Os D 1J 14
0,83 .85$ H,7 - $ . )  B a lfe , Kenyon, and S e a rle  ( j . ,  1951, 38o)
r e p o r t  b .p .  148- 151°/18  mm., n ^  1 *5829*
H ydrogenation  o f  B -n ap h th y lm eth y lcarb in y l m ethyl e th e r
The m ethyl e th e r  (10*60 g . )  was hydrogenated  in  
e th a n o l (100 m l.)  i n  th e  p resence o f  Haney n ic k e l W.3 c a ta ly s t  
( c a .0 .5  g*)§-
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Time Temp.
°C
A t P ressu re  
atm os.
Ap Remarks
18.30 18 118 Flushed  tw ice  w ith  H^. 
F i l l e d  to  max. 
p re s s u re . Allowed to  
s tan d  o v e r -n ig h t .
10.45 12 -6 117 -1 S t i r r e r  and h e a te r s  
sw itched  on.
11.45 104 +92 148 +31
12.15 120 +16 152 +4
13-50 120 0 150 -2
15 .OO
.
120
12
0 150
112
0
I
S t i r r i n g  and h e a tin g  
s topped .
P ressu re  r e le a s e d .
The hydrogenated  m a te r ia l  was f i l t e r e d  to  remove 
Raney Hi, the  e th a n o l removed on a s team -bath , and th e  re s id u e  
d i s t i l l e d  a t  reduced p re s su re .
F ra c t io n  I b .p .  116- 118° / l 2 mm. n2^  1.5267 3 .7 9  g
I I 118- 123° / l 2 mm. 1.5262 3.53  g
I I I 123~126°/l2  mm. 1.5260 1.04  g
Residue 1.15  g
V apour-phase chrom atography, (P ig . 10 ), the b o i l in g  p o in ts ,  and 
the  r e f r a c t iv e  in d ic e s ,  a l l  showed th a t  the  p roduct was the same 
as th a t  o b ta in e d  by h y d ro genation  o f  {3 -n a p h th y lm e th y lc a rb iry l 
a c e ta te ,  i . e . ,  2- e t h y l t e t r a l i n .
H ydrogenation o f  3 -n ap h th y lm e th y lca rb in o l
I I .  U sing a c t iv e  Raney n ic k e l W-3 c a ta ly s t
The p rev io u s  hyd rogenation  o f th e  a lc o h o l, u s in g  a 
s t a b i l i s e d  c a ta ly s t ,  having  been u n su c c e ss fu l, a  second 
h yd rogenation  was c a r r ie d  o u t u s in g  an a c t iv e  c a t a l y s t •
(3 -N ap h th y lm ethy lcarb ino l (l5»0  g . )  was hydrogenated 
in  e th a n o l (150 m l.)  i n  th e  p resence  o f  a c t iv e  Raney n ic k e l W-3 
c a ta ly s t  ( c a . l  g . ) .
The tem pera tu re  was r a i s e d  s low ly , so th a t  any 
sudden changes i n  p re s su re , in d ic a t in g  s tep -w ise  h y d rogenation , 
m ight be observed .
Time Temp.0C
A T P ressu re  
a tm os•
A p Remarks
4.30 16 124 F lushed  tw ice w ith  
F i l l e d  to  max. p re ssu re  
Allowed to  s ta n d  over­
n ig h t 0
10.30 12 -4 122 -2 S t i r r e r  and h e a te rs  
sw itched  on .
13.30 7.6 +64 145 +23
14.15. 83 +7 147 +2
15.15 94 +.11 150 +3
16.05 97 +3 149 -1
I 6.50 106 +9 15.0 +1
17 -.45 us +12 153 +3
18.30 126 +8 154 ■ +1
19.40 132
14
+6 156
112
+2 S t i r r i n g  and h e a tin g  
s to p p ed .
P re ssu re  r e le a s e d .
'
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The h ydrogenation  product was f i l t e r e d  to  remove
Raney n ic k e l ,  the e th an o l removed on a s team -b a th , and the  re s id u e
d i s t i l l e d  a t  reduced p re s s u re . D i s t i l l a t i o n  showed th e re  to  he a
s in g le  p roduct p re s e n t | the main f r a c t io n  had b .p .  I l 6 - l l 8 ° / l 2  mm.,
25n D 1 •5272. Vapour-phase chrom atography ( F ig lO )  confirm ed t h i s
to  he 2 - e t h y l t e t r a l i n .
H ydrogenation o f  g -Haphthylm ethy 1 carh in o  1
I I I .  U sing Adam’s p la tinum  oxide c a ta ly s t
P re p a ra tio n  o f th e  c a ta ly s t
A m ixture o f c h lo r o p la t in ic  ac id  ( l .O  g . ), w a ter
(3 m l#), and sodium n i t r a t e  (10 g . )  was ev ap o ra ted  to  d ry n ess, hy
warming g e n tly  ov er a Bunsen flam e, w hile  s t i r r i n g  w ith  a g la s s  ro d .
The tem pera tu re  was th en  r a is e d ,  over a p e rio d  o f 20 m in u tes , to
between 500 and 550° du rin g  which tim e fu s io n  took p lace  w ith  the
e v o lu tio n  o f  brown o x id es  o f  n i tro g e n . The tem p era tu re  was h e ld
a t  t h i s  p o in t f o r  30 m inutes to  com plete the  fu s io n , and th e  m elt
allow ed to  c o o l. The mass was t r e a te d  w ith  w a te r (15 m l .) ,  and
the  brown p r e c ip i ta te  washed tw ice  by d e c a n ta t io n . The p r e c ip i ta te
was f i l t e r e d  o f f ,  washed on th e  f i l t e r  u n t i l  f r e e  from  n i t r a t e ,  and
d r ie d  i n  a d e s ic c a to r .  The y ie ld  was 0*42 g .
[3 -H ap h th y lm eth y lcarb in o l (l5»0  g . )  was hydrogenated
i n  e th an o l (150 m l .)  i n  th e  p resence  o f  Adam! s p la tinum  oxide
c a ta ly s t  (0 .4 2  g . ) .  Ho uptake o f  hydrogen was observed a t  low er
tem p e ra tu re s , and th e  tem p era tu re  was g ra d u a lly  r a i s e d  to  205° •
VK\'
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Time Temp.
°c
A t P ressu re
atm os.
--------------
A p Remarks.
14*45 21
i
102 Flushed  tw ice  w ith  H 
F i l l e d  to  maximum 
p re s s u re .
15.15 19 -2 99 -3 S t i r r e r  s t a r t e d .
15.45 20 +1 99 0 H eate rs  sw itched  on.
17.00 118 +98 128 +29
18.05 137 +19 136 +8
18.40 139 +2 137 +1 H eating  in c re a s e d .
19.20 149 +10 140 +3
20.25 165 +16 148 +8
21.20 172 +7 151 +3 S t i r r e r  and h e a te rs  
sw itched  o f f .
13.45 21 98 F ollow ing day . S t i r r e r  
and h e a te rs  sw itched  on
15 .45 176 +155 150 +52
16.15 203 +27 168 +18
16.22 205 +2 168 0 H eate rs  o f f .
16.50 181
21
156
98
S t i r r e r  sw itched  o f f .  
P ressu re  r e le a s e d .
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The hydrogenation  p roduct was f i l t e r e d  to  remove 
Raney n ic k e l ,  the  e th an o l removed on a s team -b a th , and th e  
re s id u e  d i s t i l l e d  a t  reduced p re s su re .
F ra c t io n  I  b .p .  148-150°/21 mm. 1.5743
I I  150-154°/21 mm. 1.5760
I I I  I 54-I6 5 ° /2 1  mm. 1.5770
Residues c r y s ta l l in e
I n  the  above f r a c t io n a t io n ,  d i s t i l l a t i o n  was 
con tinuous over th e  whole range 148-165°/21 mm., and f r a c t io n s  were 
th e re fo re  tak en  a t  random. R e d i s t i l l a t i o n  o f F ra c t io n s  I ,  I I ,  and 
I I I ,  a lso  f a i l e d  to  g ive any c le a r - c u t  f r a c t io n s .  On s tan d in g  
b o th  low- and h ig h -b o i l in g  f r a c t io n s  d e p o s ite d  unchanged $ -naph thy l- 
m e th y lc a rb in o l m .p. 65- 67° (w ithout r e c r y s t a l l i s a t i o n ) .  The
d i s t i l l a t i o n  re s id u e  was r e c r y s t a l l i s e d  once from lig h t-p e tro le u m  
( b .p .  60-80°) to  g ive  unchanged -n ap h th y lm e th y lca rb in o l m .p. 
7 2 -7 3 ° .
Vapour-phase chrom atography showed th a t  th e  only  
o th e r  compound p re s e n t was 2 - e t h y l t e t r a l i n .
CYMYLlSTHYLCiiRBINOL
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D IS C U S S IO N
In t r o d u c t io n s
The in te r p r e t a t i o n  o f  th e  r e s u l t s  i n  t h i s  s e c t io n  
i s  com plicated  "by the  f a c t  th a t  i t  was not p o ss ib le  to  c a r ry  out 
the  chrom atographic an a ly se s  u n t i l  th e  ex p erim en ta l work had been  
com pleted. As a r e s u l t  i t  was no t d isco v e red  u n t i l  the work had 
been f in is h e d  th a t  the C3>myl a lc o h o l which had been p rep ared  was 
n o t a s in g le  e n tity *  2-(p~cym yl) m e th y lc a rb in o l, b u t a m ix ture  o f 
two iso m ers . E xperim ental evidence had g iven  no re a so n  to  
b e lie v e  th a t  th e  a lc o h o l was o th e r  th an  a s in g le  e n tity *  and i t  
was no t u n t i l  chrom atographic a n a ly s is  was c a r r ie d  out th a t  i t  
was found to  be a m ix ture  o f  iso m ers .
I t  i s  endeavoured* in  the  fo llo w in g  d is c u s s io n , 
to  e v a lu a te  and e x p la in  th e  r e s u l t s  in  th e  l i g h t  o f th e  
chrom atographic ev id en ce .
The p re p a ra t io n  o f  2 -(p -cy m y l)m eth y lcarb in o l
T his a lco h o l was p rep ared  by a M eerw ein-Ponndorf- 
V erley  re d u c tio n , w ith  aluminium iso p ro p o x id e , o f  th e  ketone  
2 -acety l-p~ cym ene. The a lco h o l behaved as a  s in g le  e n t i t y ,  
d i s t i l l i n g  sh a rp ly  a t  100-102^1 mm., and gave a w e ll d e fin e d  
N-4~<lipbenylylcarbam ate m .p . 114-115°•
The ketone* 2 -ace ty l-p -cy m en e , was p repared  as
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d e sc rib e d  “by A llen  (O rg. S y n th ., C o ll .  V ol. I I ,  3 ) ,  who o b ta in ed  
i t  by a c e ty la t io n  o f p-cymene, w ith  a c e ty l  c h lo r id e , i n  th e  
p resence  o f aluminium c h lo rid e  a t  -5  to  + 5°. I t ,  a ls o ,  behaved 
as  a s in g le  e n t i t y ,  d i s t i l l i n g  sh a rp ly  a t  145-147°/3 0  mm., and 
had n ^ I .5 1 8 3 ,  n ^ l . 5168 . (A llen  r e p o r ts  b .p .  155-157/30 mm.
L aco u rt, B u l l .  Soc. chim. b e ig e s , 1929? 38_? 1? r e p o r ts  b .p .  124*2-
0 . 20 \
5*2/12 mm., n ^  1 . 5185) .  I t  gave a w e ll d e fin e d  sem icarbazone,
m .p. 146 . 5- 147°? fo r  which L aco u rt r e p o r ts  m .p . 147°*
Thus on th e  b a s is  o f th e  above ev idence th e  cymyl 
a lco h o l was assumed to  be th e  s in g le  e n t i t y  2 -(p -cym yl) m ethyl­
c a rb in o l I .
ch( oh)m<
However, vapour-phase chrom atography (B ig . 12 
page 150) showed th e  a lc o h o l, i n  f a c t ,  to  be a m ix tu re  o f  two 
iso m ers, p re se n t i n  th e  r a t io n  o f 7 * 0 s l.
The k e to n e  was th e re fo re  examined by chrom atography 
(B ig . 11 page 349) and a lso  found to  be a m ix tu re . This was to  be 
expected  as i t  was u n l ik e ly  th a t  th e  aluminium iso p ro p o x id e  
re d u c tio n  could be re sp o n s ib le  f o r  is o m e r is a t io n  o f th e  m agnitude 
d e te c te d  i n  the  a lc o h o l . The i n t e r p r e t a t i o n  o f  th e  chromatogram 
o f th e  ke to n e  i s  com plicated  by the f a c t  th a t  th e re  a re  fo u r  peaks
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p re s e n t , and n o t the expec ted  tw o. However i t  was found th a t  hy 
v a ry in g  the le n g th  o f  tim e th a t  th e  k e to n e  rem ained on th e  column 
th e  s iz e s  o f th e  peaks were a lso  a l t e r e d ,  in d ic a t in g  th a t  some 
rearrangem ent o r  decom position  o f  th e  ke to n e  ta k e s  p lace  on the  
column. This i s  f u r th e r  supported  hy the  unsym m etrical shapes 
o f peaks A and B, a f e a tu re  o f te n  in d ic a t in g  a r e a c t io n  ta k in g  
p lace  on th e  column. Thus i t  i s  p o s s ib le  th a t  peaks C and D 
(p re se n t i n  th e  r a t i o  o f  4 « 0 s l)  a re  caused hy the  two iso m e ric  
k e to n es  which produce th e  m ix tu re  o f two cymyl a lc o h o ls  on 
re d u c tio n .
I t  i s  su g gested  th a t  the  two iso m eric  k e to n es  a re  
2-me th y 1 -5 - i  so pro py lac  e to  phe no ne I I ,  and 2 -m e th y l-4 - iso p ro p y l-  
acetophenone I I I .  (H e re a f te r  r e f e r r e d  to  as  2 -acety l-p -cym ene 
and 6-acetyl-m -cym ene r e s p e c t iv e ly )
,COMe COMe
This su g g es tio n  i s  based on the  work o f  N ig h tin g a le  
and S h ack elfo rd  ( J .  Amer. Chem. S o c ., 1956? !§.? 133) who re p e a te d  
the  a c e ty la t io n  o f  p-cymene u s in g  A lle n ’ s method, h u t v a r ie d  the  
te m p e ra tu re . They found th a t  a c e ty la t io n  o f  p-cymene a t  tem p e ra tu res  
n o t h ig h e r . th a n  5° (A llen  recommends -5  to  + 5°) le a d s  to  a m ix ture  
o f  I I  and I I I  i n  which I I I  predom inates^ the  p roduct y ie ld in g  a
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sem icarbazone m .p . 168°, v/hich i s  th e  d e r iv a t iv e  o f  6 -a c e ty l-m - 
cymene I I I . $hen th e  r e a c t io n  was c a r r ie d  ou t a t  -5  to  -10° no 
sem i-carbazone o f I I I  was iso la te d ., th e  p roduct under th e se  
c o n d itio n s  presum ably be in g  e i t h e r  e x c lu s iv e ly , o r  p redom inan tly , 
2-acety l-p -cym ene I I ,  sem icarbazone m .p . 147°.
I n  the  p re se n t work th e  a c e ty la t io n  o f  p-cymene 
was c a r r ie d  out between th e  l im i t in g  tem p era tu res  -10 to  +5° 5 
th ro u g h o u t th e  g r e a te r  p a r t  o f  the  p re p a ra t io n  th e  tem pera tu re  
b e in g  k e p t below 0 ° . In  acco rd  w ith  t h i s ,  the  m e ltin g  p o in t o f 
th e  sem icarbazone (m .p . 146 .5 -147°) p rep ared  from the  p ro d u c t, 
in d ic a te s  th a t  th e  predom inant isom er was 2 -acety l-p -cym ene I I .
I t  i s  th e re fo re  suggested  th a t  the  predom inating  
cymyl a lco h o l i s  2 -(p -cy m y l)m eth y lcarb in o l IV, and th a t  th e  m inor 
low er b o i l in g  component o f the  m ix tu re  i s  6 -(m -cym yl)m ethy lcarb ino l 
V.
i . C H ( ° H > f c ch(oh)m<
VIV
H ydrogenation o f  the  cymyl a lco h o l
The f i r s t  hydrogena tion  o f  th e  cymyl a lc o h o l was 
c a r r ie d  ou t w ith  a s t a b i l i z e d  Raney n ic k e l c a t a ly s t .  Ho uptake 
o f hydrogen was observed a t  th e  i n i t i a l  re a c tio r t- te m p e ra tu re  o f  130°
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and th e  tem p era tu re  was th e re fo re  r a is e d  to  170°. At th i s  
tem pera tu re  h yd rogenation  appeared to  tak e  p la c e .
D i s t i l l a t i o n  o f th e  r e a c t io n  p roduct showed th e re  
to  he a m ix tu re  p re s e n t .  The hulk; o f  th e  p roduct d i s t i l l e d  
co n tin u o u sly  over th e  range 9 8 -1 1 2 ° /l6  mm. § th e re  was a lso  a sm all 
h ig h e r  "boiling f r a c t io n  presen t*  "b.p. 120- 128° / l 6 mm., which 
c o n s t i tu te d  ahout 10$ of th e  r e a c t io n  p ro d u c t.
A n a ly sis  showed the  lo w -h o ilin g  d i s t i l l a t e  to  he 
alm ost e x c lu s iv e ly  hydrocarbon hav ing  a com position  in te rm e d ia te  
betw een th a t  o f ethylcym ene and ethyIm enthane* showing hydrogen- 
o ly s is  to  have taken  p la c e . V apour-phase chrom atography (F ig .
13( i )  page 155) produced th re e  s e ts  o f p eak s . The two m ajo r 
groups o f peaks* A and B, a re  produced hy an iso m eric  m ix tu re  o f 
ethylcym enes (b ) and ethylm enthanes (a ) .  These m u ltip le  peaks 
a re  to  he expec ted  s in ce  th e  cymyl a lco h o l was a m ix tu re . The 
reaso n  f o r  fo u r  peaks i n  th e  e th y l cymene hand i s  not evident*  
a lth o u g h  i t  i s  p o s s ib le  th a t*  as i n  th e  case  o f  th e  a c e ty l  cymenes, 
some rearrangem ent i s  ta k in g  p lace  on th e  column. The t h i r d  h ig h -  
b o i l in g  s e t  o f  peaks* C* i s  produced hy th e  m enthyl a lc o h o ls .
These a re  re sp o n s ib le  f o r  th e  1$ o f oxygen found to  he p resen t*  
hy an a ly s is*  i n  th e  lo w -h o ilin g  d i s t i l l a t e .
The sm all h ig h -b o i l in g  p roduct o f  hyd ro g en a tio n  was 
shown* hy an a ly s is*  to  he c h ie f ly  m enthyl a lcohol*  th e  expected  
h y d ro g en a tio n  p ro d u c t. The m enthyl a lco h o l was c h a r a c te r is e d  by
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the  p re p a ra t io n  o f a l\F-4~d.iphenylylcarhamate5 "but i t  i s  no t 
p o s s ib le  to  say of which o f  the  fo u r  iso m eric  m enthyl a lc o h o ls  
t h i s  was the  d e r iv a t iv e .  V apour-phase chrom atography 
(F ig .  13( i i )  pagel55) produced two main s e ts  o f  peaks. The
lo w -b o ilin g  band B i s  produced by ethy lcym enes. The m ajor 
group o f peaks ( c \  C^9 C^, and C^) i s  produced by th e  
m enthyl a lc o h o ls .
The s te reo ch em ica l course o f  c a t a ly t i c  hy d ro g en a tio n  of 
2-(p-cym yl )m eth y lca rb in o l and 6-(m-cym,yl )m eth y lca rb in o l
C is -a d d i t io n  o f  hydrogen to  ( i) -2 - (p -c y m y l)
m e tb y lca rb in o l (P and Q) can g ive r i s e  to  fo u r  d ia s te reo iso -m eric
1 1forms o f  2 -(p~ m en thy l)m ethy lcarb ino l R9 R and S9 S .
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HO
R
H
HO' H
R*
H OH
A
/
H OH
Q
Me
HO
1
 S ! S
i
i
»
i
i
i
♦
OH
OHH
R R^ and S com prise two d ia s te re o is o m e r ic  
racem ates? each, racem ate "being o b ta in ed  hy a d d it io n  o f  hydrogen 
to  a d i f f e r e n t  s id e  o f  th e  benzene r in g .  I f  a d d i t io n  o f  hydrogen 
ta k e s  p lace  w ith  equal ease  to  e i t h e r  s id e  o f  th e  r in g  th e  two
144
raoem ates w i l l  "be o b ta in ed  i n  equal am ounts, and no asym m etric 
s y n th e s is  w i l l  r e s u l t .
An argument e x a c tly  analagous to  th e  above w i l l  
apply  to  6-(m -cym yl)m etby lcarb ino l.
Thus hydrogenation  o f th e  two iso m eric  cymyl 
a lc o h o ls  can give r i s e  to  a t o t a l  o f fo u r  racem ates, and each  
o f th e se  w i l l  be p re s e n t i n  d i f f e r e n t  amounts i f  d issym m etric  
a d d i t io n  o f  hydrogen ta k e s  p la c e .
Vapour-phase chrom atography (F ig . 13( i i ) page 155) 
in d ic a te s  th a t  th e  fo u r  m enthyl a lc o h o ls  (C^, G*% C^, C^) a re  
indeed  p re se n t i n  d i f f e r e n t  amounts, showing th a t  i n  b o th  cymyl 
a lc o h o ls  hydrogen must have added p r e f e r e n t i a l ly  to  one s id e  o f 
th e  benzene r in g ,  and th a t ,  th e re fo re ,  an asym m etric 
h y d ro genation  has tak en  p la c e .
. Exam ination o f  th e  cymyl a lc o h o ls  w ith  G a ta lin  
models shows th a t  e i t h e r  s id e  o f  th e  benzene r in g  can be 
p re se n te d  i n  a p la n a r  conform ation  to  th e  c a t a ly s t .  The f a c t  
th a t  a d d i t io n  does no t take p lace  w ith  eq u a l ease  to  e i t h e r  
s id e  o f th e  r in g  must th e re fo re  mean th a t  th e  asym m etric 
c e n tre  a t  c o n tro ls  the  mode o f a d so rp tio n  o f  th e  a lc o h o ls  
on th e  c a ta ly s t ,  such th a t  each a lc o h o l i s  adsorbed , p redom inan tly , 
i n  one p re fe r re d  con fo rm ation . C is - a d d i t io n  o f hydrogen to  the 
s id e  o f th e  adso rbed  m olecule fa c in g  th e  c a ta ly s t  th u s  r e s u l t s  
i n  d issym m etric  hyd ro g en a tio n  o f th e  two a lc o h o ls .
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F u r th e r  a ttem p ted  hyd rogenations o f the cymyl a lco h o l
In  an a ttem p t to  l im i t  th e  e x te n t  o f  h y d ro g en o ly s is , 
hyd rogenation  o f  the  a lco h o l was a ttem p ted  under a  v a r ie ty  o f  
ex p erim en ta l c o n d itio n s .
With an aged Raney n ic k e l c a ta ly s t  th e  main 
p ro d u c ts  o f  h yd rogenation  were e thy lcym enes. The chromatogram 
(F ig . 14? page 157) a lso  showed the presence  o f  sm all q u a n t i t ie s  
o f  e thylm enthanes and o f  two compounds o f  unknown com position  
(X and Y ). Ro m enthyl a lc o h o ls  ?^ere obtained# and a la rg e  
amount o f  cymyl a lco h o l rem ained unchanged.
When hydrogenation  was re p e a te d  w ith  a f r e s h ly  
p rep ared  a c tiv e  Raney n ic k e l c a ta ly s t ,  b y d ro g en o ly sis  a g a in  
o ccu rred  w ith  the  p ro d u c tio n  o f  ethylcym enes, and th e  two compounds 
o f  unknown com position  m entioned above. I n  t h i s  h y d ro genation  
th e  two unknown compounds (X and Y) com prised th e  g r e a te r  p a r t  o f  
th e  r e a c t io n  p ro d u c t. Ho ethylm enthanes o r  m enthyl a lc o h o ls  
were ob ta ined?  a sm all amount o f th e  cynyl a lco h o ls  rem ained 
unchanged.
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CONCLUSION
A ttem pts to  c a r ry  o u t an asym m etric s y n th e s is  hy 
d issym m etric  a d d i t io n  o f  hydrogen to  th e  cymyl a lc o h o ls  have 
proved i n  th e  main u n su ccessfu l?  owing to  the  occu rrence  o f  
hy d ro g en o ly sis  and th e  r e s u l t a n t  d e s t r u c t io n  of the  asym m etric 
c e n tr e s  a t  „
I n  only  one h y d ro genation  were any m enthyl 
a lc o h o ls  produced? and th e n  they  only c o n s t i tu te d  ahout 10$ o f 
th e  r e a c t io n  p ro d u c t. However? chrom atography has shown th a t  
the p ro p o rtio n s  in  which th e se  m enthyl a lc o h o ls  were p re se n t 
must mean th a t  they  were produced hy dissym m etric  a d d i t io n  o f  
hydrogen to  th e  cymyl a lc o h o ls .  Thus an asym m etric sy n th e s is  
has heen ach ieved  hy h y d ro g en a tio n .
This i s  th e  on ly  reco rded  example o f an asym m etric 
s y n th e s is  ach ieved  hy hyd rogenation  o f an a ro m atic  n u c leu s .
The r e s u l t  i s  ex p la in ed  hy the  su g g es tio n  th a t  th e  asym m etric 
c e n tre  a t  c o n tro ls  th e  mode o f  a d so rp tio n  o f  the  a r y l  
a lc o h o l on the  c a ta ly s t  so th a t  i t  i s  p r e f e r e n t i a l ly  adsorbed  
in  one o f  th e  p o s s ib le  co n fo rm atio n s. C is -a d d it io n  o f  hydrogen 
to  th e  s id e  o f  the adsorbed m olecule fa c in g  the c a ta ly s t  th u s  
r e s u l t s  i n  p r e f e r e n t ia l  a d d it io n  o f  hydrogen to  one s id e  o f  the 
benzene r in g  producing an asym m etric s y n th e s is .
•  * •
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EXPERIMENTAL
P re p a ra tio n  o f 2 -m e th y l-l> -isopropylaoetophenone 
( 2-Ac e ty  1 - p -  cyme ne ;
P h is was p repared  by a F r ie d e l-C ra f t  r e a c t io n ,  
u s in g  th e  method o f A llen  (O rg. S y n th ,, C o l l .  V ol. I I ,  3 ) .
A 3-L  th ree -n eck ed  f la s k  was f i t t e d  w ith  a 
d ropping  fu n n e l, a H ershberg-type  s t i r r e r ,  a low -tem peratu re  
therm om eter (range - 20° to  +20° ) ,  and a condenser, to  th e  upper 
end o f  which was connected a gas t r a p  f o r  th e  d is p o s a l  o f  hydrogen 
c h lo r id e  evolved  d u rin g  r e a c t io n .  A m ix tu re  o f carbon d isu lp h id e  
(400 m l.)  and anhydrous aluminium c h lo rid e  (360g . )  was p laced  in  
the  f l a s k ,  which was immersed i n  an i c e - s a l t  f r e e z in g  m ix tu re , 
and s t i r r e d  u n t i l  th e  tem pera tu re  dropped "below -5°* A m ix ture  
o f  p-cymene (350g O  and a c e ty l  c h lo r id e  (200 m l.)  was th en  added 
a t  such a r a te  t h a t  the  tem p era tu re  never ro se  above 5° I th rough­
o u t th e  g r e a te r  p a r t  o f  th e  a d d i t io n  the  tem peratu re  was m ain ta ined  
betw een 0 and -1 0 ° . The m ix ture  was allow ed to  s tan d  over^-night, 
and poured on to  c rushed  ic e  (2  k g . )  to  which co n ce n tra te d  hydro­
c h lo r ic  a c id  (400 m l.)  had been added. The m ix ture  was e x tra c te d  
w ith  e th e r  (3 x 1 1 .), th e  e x tr a c t  d r ie d  over anhydrous calcium  
c h lo r id e , and th e  e th e r  d i s t i l l e d  o f f  on a s team -b a th . The 
re s id u e  was p laced  i n  a  d i s t i l l a t i o n  f la s k  p rov ided  w ith  an 11 in ch
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unpacked column and h ea ted  on an o i l  h a th  a t  a tm ospheric  p re ssu re  
'u n t i l  th e  tem p era tu re  o f  th e  h a th  reached  210°. During t h i s  
h e a tin g  a sm all amount o f  u n re a c te d  p-cymene ( 26«5g . )  d i s t i l l e d  
over* The rem ain ing  m a te r ia l  was d i s t i l l e d  a t  reduced  p re s su re
to  g ive  th e  ke tone  (335g*? 79$ ) as a p a le  y e llo w  o i l?  ho p . 145- 147° /
20 25 o30 mm., n ^  1.5183, n ^  1.51685 sem icarbazone mop.146 . 5-147 •
A second p re p a ra t io n , w ith  h a l f  q u a n t i t ie s ,  gave
k etone  ( l8 3 g .,  82$ )  hav ing  "b.p. 143-145°/30 mm., n ^  1 .5174-
V apour-phase chrom atography ( H g . l l )  sh uhsequen tly  showed the
k e to n e  to  he a m ix ture  o f iso m e rs .
P re p a ra tio n  of 2-(p -cy m y l)m e th y lca rh in o l
Aluminium f o i l  ( l l 3 g . )  was d is so lv e d  i n  iso p ro p y l
a lc o h o l (2200 m l.)  hy warning on a steam -hath  under r e f lu x ,  r e a c t io n
he in g  i n i t i a t e d  hy a d d it io n  o f  a few c r y s t a l s  o f  m ercu ric  c h lo r id e .
The r e s u l t in g  grey  s o lu t io n  was cooled  s l i g h t l y ,  and 2 -a c e ty l - p -
cymene (335g°) added. The m ixture was h ea ted  u n d er r e f lu x  fo r  one
h o u r, and th e n  th e  ace tone  allow ed to  d i s t i l  s lo w ly . When a l l  th e
ace tone  had heen removed th e  rem ain ing  iso p ro p y l a lco h o l was d i s t i l l e d
under reduced p re s s u re . The v isc o u s  g rey  p roduct was coo led , and
\
added to  an excess o f  2B s u lp h u r ic  a c id  and i c e .  The a lco h o l was 
e x t r a c t e d  w ith  e th e r ,  and th e  e th e r  e x t r a c t  washed w ith  2B s u lp h u r ic  
a c id , 2B sodium hydroxide, and w a te r . The e th e r  s o lu t io n  was d r ie d  
over anhydrous po tassium  carb o n a te , and the  e th e r  removed hy
149
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d i s t i l l a t i o n  on a s team -b a th . The re s id u e  was’d i s t i l l e d  a t  
reduced p re ssu re  to  g ive  th e  a lo o h o l ( 25%*? 1&?°) as  a  sweet 
sm elling* p a le  ye llow , v isco u s  o i l  b .p .  100- 102° / l  mm., n ^  1 . 5150- 
(Founds 0, 81.35? H ,10 .05 . gi 2Hi 8°  c > 8 0 .85? H 1 0 .1 5 $ ).
A sample was chrom atographed (Fig* 1 2 ). See d is c u s s io n  page 137 
a - ( 2~p~c.ym>y l  )e thy  1 R-4-d ipheny l.y l carbam ate
2-(p-C ym yl)m ethy lcarb ino l ( l . 8 g . )  was h ea ted  w ith  
4 - i  so cyanatod i phenyl ( l .9 g « )  on a steam -bath  f o r  one hour* The 
p roduct vra,s d is so lv e d  i n  l i g h t  pe tro leum  ( b .p .100-120°) and 
in s o lu b le  d i-4 -d ip h e n y ly l u re a (o .2 0 g .)  f i l t e r e d  o f f .  A f te r  th re e  
r e c r y s t a l l i s a t i o n s  from l ig h t  petro leum  ( b .p .100-120°) the  
R -4~diphenylylcarbam ate (2 .2 0 g . )  had c o n s ta n t m .p .H 4 -1 1 5 °- (Founds 
0, 79-85? H, 7-55? N, 3*75- C ^ H ^ O ^  re q u ire s  C, 80.35? H, 7-3?
Nf 3 .7 5 $ -)
P re p a ra tio n  of 2-p-c.ym ylm ethylcarbinyl hydrogen p h th a la te
2-p-C ym ylm ethylcarbinol ( l l .O g . ) ,  p h th a lic  anhydride 
(8 .8g . ) ,  and p y rid in e  (4 »9g . )  were h ea ted  on a steam -bath  fo r  th re e  
h o u rs , and l e f t  to  coo l o v e r -n ig h t .  The homogeneous p roduct was 
d i lu te d  w ith  an equal volume o f a ce to n e , and a c id i f ie d  to  Congo Red 
w ith  2H h y d ro c h lo ric  a c id .  The r e s u l t a n t  o i l  was poured on to  
crushed  i c e ,  and s t i r r e d  u n t i l  i t  s o l i d i f i e d .  The crude hydrogen 
p h th a la te  ( l 9g - )  had m .p .63- 65° ,  and when d r ie d  under vacuum gave a 
c o lo u r le s s  very  v isco u s  o i l ,  which cou ld  not be induced  to
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c r y s t a l l i z e .  The o i l  was c r y s t a l l i s e d  from a m ix tu re  o f  e th e r  
and l i g h t  petro leum  (b .p . 60-80°) to  g ive th e  hydrogen p h th a la te  
as  c o lo u r le s s  rhombs o f  c o n s ta n t m .p . 85-87°® As b e fo re , d ry in g  
o f  t h i s  m a te r ia l  r e s u l te d  i n  th e  fo rm atio n  o f  ah o i l .  (Founds 
e q u iv ., 344° ^19^ 21^ 2 ° ^ ^  re q u ire s  e q u iv ., 326. C^H^O^-COOH. 
lH^O re q u ire s  e q u iv ., 344*) Thus i t  would appear th a t  the  
hydrogen p h th a la te  has lH^O o f  c r y s t a l l i s a t i o n ,  and th a t  on d ry in g  
th i s  i s  removed to g ive the anhydrous hydrogen p h th a la te  as  an o i l .  
P re p a ra tio n  o f 2-(p-Cym yl) m e th y lca rb in y l a c e ta te
Four p re p a ra t io n s  o f th e  a c e ta te  were c a r r ie d  o u t .
P rep . 1 P rep . 2 P rep . 3 P rep . 4
Alcohol 4«45 §• 4 4 5  £• 4 .45  g . 4.45  g .
P y rid in e 2 017 § • 2.17 g . 2.17 g . 2.17 g .
A cetic
Anhydride
3 .0 6  g . 3 .0 6  g .
A cety l
C hloride
2 .16  g . 2 .16  g .
R eac tio n
co n d itio n s
H t. 1 h r .  
a t  100°
Stand a t  25° 
f o r  24 h r .
H t. 1 h r .  
a t  60°
Stand a t  25° 
f o r  24 h r .
Y ie ld 4*00 g . 3®35 g . 3 .0 0  g . 3 .4 2  g .
b .p . 1 4 6 -8 ° /l9  mm. 146- 8° / l 9 mm. 1 4 4 -6 ° /l7  mm 151-3°/22 mm.
25
n D 1.4940 1.4941 1.4944 1*4943
The r e a c t io n  p roduct from each p re p a ra t io n  was 
poured on to  c rushed  i c e ,  and e th e r - e x t r a c te d .  The e th e r  e x t r a c t
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was washed w ith  H h y d ro c h lo ric  a c id , II sodium h ydrox ide , and w a te r .
The e th e r e a l  s o lu t io n  was d r ie d  over anhydrous sodium su lp h a te , the 
e th e r  removed on a s team -bath , and th e  re s id u e  d i s t i l l e d  a t  reduced, 
p re s su re .
A ll fo u r  p re p a ra t io n s  were f i n a l l y  combined and r e ­
d i s t i l l e d  w ith  d i f f i c u l t y ,  owing to  severe  f r o th in g  o c c u rr in g  a t  the 
b o i l in g  p o in t , to  g ive  a  main f r a c t io n  b .p .  147~148° / l 8 mm., 
n*£ 1.4934 (Founds C,77 *1? H ,9»0. ^3.4^ 20^2 r e q u ire s  C ,76.35? H,9«15$ • )
H ydrogenation o f  2 -(p -cy m y l)m eth y lcarb in o l 
I .  U sing a s t a b i l i z e d  Haney H ickel c a ta ly s t
The a lco h o l (l5«0  g * ) d is so lv e d  i n  e th a n o l
(150 m l.)  was hydrogenated  i n  the  p resence  o f  a s t a b i l i z e d  Raney
n ic k e l  c a ta ly s t  (B.D.H. s t a b i l i z e d  Raney H i) .
Time Temp.
°C A t
P re s s ,  
atm os. A.P
Remarks
10.15 22 100 F lushed  tw ice w ith  H 
F i l l e d  to  100 atm os. 
S t i r r e r  and h e a te r s  on.
10.55 59 +37 115 +15
11.35 128 +69 138 +23
12.15 133 +5 140 + 2
13.15 133 0 140 0 H eating  in c re a se d
13.55 170 +37 157 +17
14.35 171 +1 157 0
14.55 169 -2 178 + 21 P ressu re  r a is e d  to  maximum
15.-55 171 +2 178 0
16.35 170
21
-1 178
110
0 S t i r r e r  and h e a te r s  o f f  
P ressu re  re le a s e d
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The hydrogenated m a te r ia l  was f i l t e r e d  to  remove 
Raney n ic k e l , the e th a n o l removed on a s team -b a th , and the  re s id u e  
d i s t i l l e d  a t  reduced  p re ssu re s
I 98-102 ° / l 6 mm. n ^ 1-4759 2.69 go
I I 102~104° / l 6 mm. 1.4785 2 .06  gc
I I I 104- 108° / l 6 mm. I . 48OO 1.28  go
IV 108-112 ° / l 6 mm. 1.4798 1.55  g .
V 120- l 28° / l 6 mm. 
c h ie f ly  126 -1 2 8 °/l6  mm.
1.4759 1.79  g .
A ll f r a c t io n s  were c o lo u r le s s .  F ra c tio n  V was more 
v isco u s  th an  f r a c t io n s  I  to  IV, and re a c te d  much more ra p id ly  and 
com pletely  w ith  a bead o f  sodium th an  d id  f r a c t io n  I .
F ra c t io n  I I  Founds C,86*2f H ,12 .6$ (By d i f f . 0 ,1 .2 )  C alc , f o r  
C12H18 ( 2“E'fcl]^ 1'’P“ cymene) C ,88 .8f H5I I . 2 . C alc , f o r  C]_2H24 
(2 -E th y l-p -m en th an e) C ,85.655 H,14»35$»
F ra c tio n  V Founds C ,80 .6f 33,12*7 * C a lc , f o r  C-^gH^O ( 2 - ( p-mentlayl) -  
m e th y lc a rb in o l)  C, 78.2^ H ,13 .1$ . C alc , f o r  (2 -(p -cy m y l)-
m e th y lc a rb in o l)  0 ,80 .85? H ,10 .15$ .
F ra c t io n s  I I  and V were su b je c te d  to  vapour-phase chromatograpiiy 
(F ig s . 13( i )  & ( i i ) ) *  Chromatography confirm ed f r a c t io n  I I  to  be a 
hydrocarbon  m ix tu re , as in d ic a te d  by a n a ly s is ,  and showed f r a c t io n  
V to  be a more complex m ix tu re  i n  which th e  hydrogenated  a lc o h o l 
p redom inated .
+ • -T i ' ; l : -t
T 1- :rv r
~y*-
; Vapour-phase chromatograms of 
products from 1st, hydrogenation 
- of- cymyi aicohoi
(i). Fraction II
( i i ) F r a c t io n  V
■.TP
; lahd; C * Menthyl
EEIt
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J a ~ ( 2-p-menthy 1) e th y  1 H -4~diphenylylcarbam ate
The f a c t  th a t  f r a c t io n  V co n ta in ed  2 -(p -m e n th y l)-
m e th y lca rb in o l was f u r th e r  confirm ed by the  p re p a ra t io n  o f  the
N -4 -d ip h en y ly lcarbam ate*
: : A p o r tio n  o f f r a c t io n  V ( l .0 2  g . )  was h ea ted  w ith
4 - is o  cy anato d ip h en y l (l.OO g . )  on a steam -bath  f o r  one h o u r. The
p roduct was d is so lv e d  i n  l i g h t  petro leum  (h .p .  100-120°) and in s o lu b le
d i-4 -d ip h e n y ly l u re a  (0 .30  g . )  f i l t e r e d  o f f .  A fte r  th re e  r e -
c i y s t a l l i s a t i o n s  from l ig h t  petro leum  ( b .p .  100-120°) th e  very
so lu b le  H -4~diphenylyl carbam ate (0 .0 6  g . )  had c o n s ta n t m .p. 137*5-
1 3 8 .5 ° . (Founds 0,79*1? H ,8 .5 . r e CLu i r e s  0,79*3-5 H ,8 .75$)
H ydrogenation o f the  c.ymyl a lco ho l .  I I .  U sing a 
Raney H ickel W-3 C a ta ly s t  o f  low a c t i v i t y .
I n  t h i s  hydrogenation  an aged sample o f  Raney 
n ic k e l W-3 c a ta ly s t  was u sed . U nlike f r e s h ly  p rep ared  Raney Hi 
W-3 t h i s  d id  no t i g n i t e  spon taneously  when exposed to  a i r .
The cymyl a lco h o l (2 0 .0  g . )  d is so lv e d  i n  e th an o l 
(150 m l.)  was hydrogenated  i n  the  p resence  o f  an aged Raney n ic k e l 
W-3 c a ta ly s t  (c a . l g . )
H ydrogenation was i n i t i a l l y  a ttem p ted  a t  100°C 
and a p re ssu re  o f  135 atm os. Ho uptake o f  hydrogen took p la c e , and 
th e  tem pera tu re  was th e re fo re  r a is e d  to  170° w hile  the  p re ssu re  
ro se  to  166 atm os. A lthough th e  uptake o f hydrogen was s t i l l  
sm a lle r  th a n  th a t  re q u ire d  f o r  h y d rogenation  f u r th e r  h e a tin g  was
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t co n sid e red  unwise* and re a c t io n  was s to p p ed . A fte r  rem oval o f 
Raney n ic k e l and e th an o l from the r e a c t io n  product* th e  re s id u e  
was d i s t i l l e d  a t  reduced  p re s s u re .
F ra c t io n  I  1 2 0 °/l7  mm. n ^  1*4247 1*11 g .
I I  120-130°/17 mm. 1.4956 5.69  g .
I l l  130~144°/l7 mm. I .5063 11.98 g .
Vapour-phase chrom atography ( f i g .  14 ) showed f r a c t io n  I I  to  c o n ta in
c h ie f ly  h y d ro g en o ly sis  p ro ducts  and unchanged cymyl a lc o h o l .
F ra c t io n  I I I  was found to  he la rg e ly  unchanged cymyl a lco h o l
contam inated  w ith  sm all q u a n t i t ie s  o f  lo w -h o ilin g  im p u r i t ie s .
Chromatography a lso  showed th e  p resence  in  f r a c t io n
I I  o f  two compounds o f unknown com position  (X and X).
H ydrogenation o f th e  cymyl a l c o h o l . I I I .  Using an 
a c t iv e  Raney H ickel W-3 c a t a l y s t .
I n  view o f  th e  la rg e  amount o f  unchanged cymyl
a lco h o l o b ta in ed  i n  the p reced ing  reac tio n *  h y d ro g en a tio n  was
re p e a te d  u s in g  a f r e s h ly  p rep ared  qyr ophoric  Raney n ic k e l W-3
c a t a ly s t .
The cymyl a lco h o l (15*5 § • )  d is so lv e d  i n  e th an o l 
(150 m l.)  was hydrogenated  i n  the  presence  o f  an a c t iv e  Raney Hi eke 1 
W-3 c a ta ly s t  (c a .  I g . )
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Time Temp. A  T P re s s .atm os. A ?
......... . . . . . . . . . .  i
Remarks
10.15 9 124 F lushed  tw ice w ith  H 
F i l l e d  to  max. p re s s .
10.45 8 -1 124 0 S t i r r e r  and h e a te r s  on.
11.25 52 +44 138 +14
12.15 100 +43 160 +22
14.05 102 +2 162 +2 H eating  in c re a s e d .
15.45 139 +37 177 +15
17.50 I 64 +25 189 +12
18.15 166 
11
+2 190 
. 124
+1 H eating  and s t i r r i n g  
s to p p ed .
P ressu re  re le a s e d
The h y d ro g en a tio n  p roduct was f i l t e r e d  to  remove 
Raney n ic k e l ,  th e  e th a n o l removed on a s team -h a th , and th e  re s id u e  
d i s t i l l e d  a t  reduced p re s su re .
F ra c tio n  I 108~110°/l2  mm. n^5 1.4895 O.47 g .
I I 110- 114° / l 2 mm. 1.4907 5.91 g .
I I I 1 1 4 - l l8 ° / l2  mm. 1.4909 4 .59  g*
IV I l8 - 1 2 0 ° / l2  mm. 1.4926 2.13 g .
Residue 1 ° 47 S  •
160
T4
Xt
l6 l
F ra c tio n  I I .  Founds C98 4 * H, 10. 7 (hy d i f f .  0 ,5 • !$ ) •  
low percen tage  o f  oxygen (th e  s a tu r a te d  a lc o h o l c o n ta in s  c a . 9 t )  
in d ic a te s  th a t  h y d ro g en o ly sis  has ag a in  o c cu rred . V apour-phase 
chrom atography (F ig . 15 ) showed f r a c t io n  I I  to  he a m ixture o f  
ethylcym enes, and two compounds (X and Y) o f  unknown com position , 
only  found to  he p re se n t i n  sm all q u a n t i t ie s  i n  p rev io u s  
h y d ro g en a tio n s . Chromatography a lso  showed th e re  to  he a sm all
amount o f  unchanged cymyl a lc o h o l p re se n t i n  f r a c t io n  V.
VAPOUR-PHASE CHROMATOGRAPHY
(EXPERIMENTAL CONDITIONS)
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Chromatograms, 1 to  6 , 9j 10, and 12 to  15.
Packings 20$ t r i t o l y l  phosphate on 72-100 mesh C e l i te  545*
Columns 120 x  0 .4  cm. Temp., 150°. I n l e t  p re ssu re s  33 .8  cm, Hg.
O u tle t p re ssu re s  a tm ospheric . R ate o f flows ca . 30 m l./m in .
C a r r ie r  gass argon , w ith  Lovelock io n is a t io n  d e te c to r .
Chromatograms9 7 and 8 .
Packings 20$ t r i t o l y l  phosphate on 100-120 mesh C e l i te  545*
Columns 120 x  0 .4  cm. Temp., 75°. I n l e t  p re s su re s  112.5  cm. Hg.
O u tle t p re s su re s  a tm ospheric . R ate  o f flows 41 m l./m in .
C a r r ie r  gass argon , w ith  Lovelock io n is a t io n  d e te c to r .
Chromatogram, 11.
Packings 20$ squalan© on 80-100 mesh C e l i te  545*
Columns 120 x 0 .4  cm. Temp., 155°. I n l e t  p re ssu re s  12 lb s . / s q , . i n .
O u tle t p re ssu re s  a tm ospheric . R ate o f  flows ca. 60 m l./m in .
C a r r ie r  gass 75$ hydrogen and 25$ n itro g e n  m ix tu re , w ith  
therm o-couple d e te c to r .
